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SUMMARY /

A computer program has been developed which will calculate the particle
spectra and dose behind multilayer, infinite slabs of shielding from any
given energy spectrum of protons impinging normally on the shield. Both
spectra and dose are calculated for the incident primary protons that pene-
trate the shield and for the following types of secondary radiation produced
in the shield: cascade protons, cascade neutrons, and evaporation neutrons.
This program is written in Fortran IV for the IBM 7094 II computer.

INTRODUCTION

Space vehicles may require shielding to protect astronauts and radiation
sensitive components from the hazards of space radiation, the most hazardous
of which appears to be the proton radiation. The important sources of proton
radiation are the Van Allen belts, solar flares, and galactic cosmic radiation.
When space vehicles are irradiated by protons the interaction of protons with
atomic nuclei in the vehicle produces secondary nucleons. The most important
of these secondary nucleons appears to be the cascade protons, cascade neutrons,
and evaporation neutrons. In order to evaluate the shielding requirements it
is necessary to evaluate the dose caused by primary and secondary radiation.

Previous computer programs on space radiation shielding have been written
by (at least) three groups (see refs. 1 to 3).

References 1 and 2 used the 1958 data of Metropolis et al. for estimating
the dose from secondary radiation. The reference 3 program was not designed
for general distribution. Recently H. Bertini of ORNL (ref. 4) developed a
Monte Carlo program (with an improved nuclear model compared to previous work)
for estimating the yields of secondaries and their energies. These reasons
combined with the fact that the Lewis computer is now restricted to Fortran IV
provided the motivation at the Lewis Research Center to develop a computer
program capable of calculating the doses from primary proton and secondary
radiation produced in the shield.

The Lewis program (called LPSC) calculates the particle spectra and dose
inside a multilayer slab shield due to protons impinging normally on the outer
face of the shield. The slabs are infinite in extent and have finite thick-
ness. Spectra and doses may also be calculated at intermediate thicknesses
through the shield known as print bounds.
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The total dose evaluated includes the doses from primary protons and
the secondary radiation consisting of cascade protons, cascade neutrons, and
evaporation neutrons. Evaporation protons contribute a negligible amount
to the total dose. Other secondary radiation (heavy particles, pions,
secondary gammas, etc.) are not evaluated by this program. The flux spectra
of the primary protons, cascade protons, and cascade neutrons are calculated
in this program.

This program calculates the penetration of normally incident protons,
cascade protons, and cascade neutrons using a straight ahead approximation
(the primary particle and cascade secondaries are emitted in the same di-
rection as the primary incident particle). This approximation has been
shown by reference 5 to be valid for protons with energies >100 MeV. For
energies < 100 MeV this method may over. estimate the dose. ' The evaporation
neutrons were assumed to be emitted isotropically.

It may be shown, using the straight-ahead approximation, that the dose
received at the center of a sphere due to an isotropic flux outside of the
sphere is the same as the dose received behind a slab shield of the same
thickness where a flux of the same magnitude 1s impinging normally to the
slab. This will also be true for doses from those secondary particles as-
sumed to be emitted in the direction of the primary particles. Thus the
slab doses calculated for the normally incident primary protons and the
cascade secondaries will be the same as the doses at the center of the
sphere for an isotropic flux outside; however, the evaporation neutron doses
are not simply related and pertain only to the slab geometry.

A description of the program and program listing are found on pages
16-32~and “46~73.
SYMBOLS

Some of the symbols used in this report are listed below. Other symbols
are defined in the text.

Doy dose from cascade neutrons, rad or rad/hr and rem or rem/hr

Dcp dose from cascade protons, rad or rad/hr and rem or rem/hr

Dan dose from evaporation neutrons, rad or rad/hr and rem or rem/hr
Dpp dose from primary protons, rad or rad/hr and rem or rem/hr

E energy in MeV

G(Xk’em) attenuation kernel for evaporation neutrons see text for dimen-
sions




N(>E)
N(>P)

N(E; ,X)
NCP(EJ. Xe)
Non(Ej,Xe)

N (E E ,axk)

Ny (B , 8%y )

M (B, By, 8%)
N, (E;,8X,)

oPp(EyEy,8K,)

PulE; By, 80,

X

cnp(Ei’E )

yenp (E—i )

number of protons with energy greater than E, protons/cmz
or protons/cm2 sec

number of protons with rigidity greater than P,
protons/cmz or protons/cm2 sec

the primary proton flux at energy E; at depth X,
protons/cm? or protons/cm? sec

cascade proton flux with energy ﬁﬁ which penetrates the
shield, protons/cmz or protons/cmz sec

cascade neutron flux with energy E which penetrates the
shield, neutrons/cm? or neutrons/cm sec

cascade neutrons with energy Ej produced by incident pro-

tons with energy E; in layer 8X,, neutrons/cmz or

neutrons/cmz sec

evaporation neutrons produced by protons with energy E;
in layer Xy, neutrons/cm2 or neutrons/cmz sec

cascade neutrons with energy E produced by neutrons with
energy Ei in layer BX,, neutrons/cm or neutrons/cm sec

evaporation neutrons produced by neutrons with energy E;

in layer 8Xy, neutrons/cm? or neutrons/cmz sec

cascade protons with energy E produced by protons with
energy Ei in layer 8Xy, protons/cm or protons/cm sec

cascade protons with energy Ej produced by neutrons with
energy Ei in layer 8%, protons/cmz or protons/cmz sec

depth into the shield, g/cm2

yield of cascade protons with energy Ej per interacting

proton with energy B4

yield of cascade neutrons with energy EJ per interacting
proton with energy E

yield of evaporation neutrons per interacting proton with
energy Ei



y (E,,E ) yield of cascade protons with energy Ej per interacting
‘ neutron with energy E;

(ﬁ;,E.) yield of cascade neutrons with energy Ej per interacting

J neutron with energy E
yenn(Ei) yield of eveporation neutrons per interacting neutron with
energy Ey
n(ﬁi,x) neutron flux with energy Ei at depth X, neutrons/cm or
' neutrons/cm® sec
P rigidity, MV

METHOD OF CALCULATION
Introduction to Method of Calculation

The initial flow of a calculation progresses as follows; see figure 1.
The computer reads in a maximum incident energy E(Max) in MeV at (1), Using
the proton range energy data an E(Max) at the exit face (Z) is calculated.
The desired energy group bounds E;, By, . « . By, E(Max) &re read in and
assumed at the exit face (3). AE values are calculated by A = (E - 0),
AEp = (B - Ey), + « ., OB, = (E(Max) - Ep). The number of small B&E's con-
tained in each AEj are read. The AE;’s and OE's enable the computer to
calculate the energy bounds on the exlt face. Then the energy bounds are
calculated on the incident face GZ). The number of protons in each energy
group are calculated and the production of secondary particles and the at-
tenuation of all particles for each group is accomplished.

Figure 1 shows three print bounds st B, C, and D where data are printed.
Incident proton dose is calculated at the incident face A also.

Proton Energy Groups and Spectra

This program allows the user a choice of reading in the incident energy
boundaries or the exit energy boundaries. The use of exit energy boundaries
is to be preferred for running & proton energy spectrum. Reading in the
incident energy boundaries are preferred for a monoenergetic case.

Some of the details for the case where exit energy boundaries are assumed
are as follows:



Tables of range versus energy are supplied as input data for the shield
materials belng investigated. The Lagrange 2 point interpolation equation
is used to interpolate in the tables. The program selects the maximum
incident energy E(Max) and calculates the range associated with this energy
for the first shield material encountered, R(E(MAX), Material 1) = R(E,1).
The thickness T(1) of this first layer is then substracted from R(E,1).
The residual range r(E(1),1) of this proton group after passing through
(1) is given by r(E(1),1) = R(E,1) - T{1). The energy E(1) associated
with r(E(1),1) is calculated and the range for a proton of this energy in
the next material is calculated. The thitkness of this layer is then sub-
tracted off and this process is repeated until the meximum energy at the
exit face of the shield has been computed.

When the maximum energy at the exit face of the shield is known, the
program calculates the energy bounds at the exit face according to the input
data. There are two degrees of subdivision for the energy bounds. AE
represents a large interval and B8E represents a small interval. The AE
boundaries are used as convenient polnts at which the megnitude 8E(J) is to
change.

The interval bounds of AE and the number n of B8E(J) in each AE
at the exit face are input data. The 8E(J) velues are calculated by the
program. The energy bounds E(I) and energy intervals B8E(I) on the incident
face corresponding to the energy bounds E(J) and energy intervals B8E(J)
on the exit face are then calculated. The average energy of each group I
is calculated by,

B(I+ 1) + E(I)
2

E(I) =

(1)

The average energy E(I) is used to calculate the cross sections,
yields, and energy of secondary particles. The average energy incident
on the next layer is obtained by degratihgsthesenergy boundsd;and’ calcus
lating a new E(I). This is due %o the nonlinear change in B8E which
makes E(I) degraded not equal to the new average energy.

The incident energy associated with zero energy at the exit face of the
shield is not the minimum incident energy considered because lower energy
protons, although they do not penetrate the shield, may produce secondary
neutron radiation that can penetrate the shield. The procedure used for

finding incident energy intervals below this energy is illustrated by the
following example.

Figure 1 shows four print bounds A, B, C, and D. At D, E(0O) = 0 MeV
is the zero energy point on the exit face of the shield. Similarly there
exlsts a zero energy point at each print bound. At print bound C the
energy interval from E(0) = 0 "to EO,C is subdivided by the program in



one of two ways. (1) This interval may be subdivided the same as this
corresponding interval on the exit face D or a new set of subdivisions
may be read in. The corresponding intervals on the incident face are

found. (2) This interval may be divided into an equal number of increments.
The other print bounds will be handled in the same manner.

It was found by running the program that if the same energy bounds were
used for neutrons as for protons the neutrons tended to cluster into a few
energy groups. Therefore to improve the distribution of dose with energy
separate energy bounds were required for neutrons and protons. The neutron
energy bounds are read in as a table.

The incident proton spectra may be simulated by one of the following
equations. Let either N(>E) or dN/AE be given by T(E) as indicated in
equations (2) and (3).

I'(E) = N(>E) (2)
or

I"E) = aN/4E (3)

then P(E), the proton spectrum, may be calculated by any one of equations

(4), (58), (6), or (7).

r(g) = A BB o (e)
I'(E) = A(E)exp(-B(E)) (5)
4
Log (T(E)) = ;_: Ay g1 (6)
i=]
,4
Log (I(E)) = Z A;(Log E)I-1 (7)
i=1

Where the constants A, B. or 4;. are selected compatible with either
equation (2) or (3). See page?26 for a definition of ~A(E) and ' -
B(E). The program will also accept rigidity spectra where
(P) = N(>P) (8)
I'(P) = dN/aP (9)

then



r'(P) = A exp (-P/P,) (10)

If equations (2) through (10) fail to represent the desired spectrum a
table of values may be read in for N(>E) or dN/dE as a function of energy.

When the spectrum is read in as a table the values of AaN/dE or
N(>Ei), whichever the table contains, will be read and/or interpolated for
each value of E4 required by the program.

When the choice of spectrum (equation or table) has been made, the
continuous input spectrum is approximated by selecting a finite number of
proton energy groups. The number of protons in each group is_ calculated.

For the differential spectrum the number of protons in the jth group is given

by
N(E ,0) = %)Ei - 8E; (11)

The width of the ith energy interval is ©Ej. The midpoint of the 1t inter-

val is ﬁi. The quantity (dN/dE)_ is calculated from one of the equations
or a table. Ey

For the integral spectrum, the number of protons in the ith group is
given by

N(E;,0) = N(E;) - N(>E;,q) (12)

When running a monoenergetic case one should select a finite interval
width B®E such that the midpoint ‘of BE is the required energy Emp. A

small BE on the order of 10~ MeV is recommended here. The calculation
is not very sensitive to BE where 103 < 3E < 0.1 MeV. For B&E < 10-3
significant figures are lost during substraction.

Proton Attenuation and Production of Secondaries

When protons penetrate a shield energy is lost due to ionization inter-
actions. The range in a given material and rate of energy loss per unit path
length are energy dependent. Protons that are stopped by ionization are re-
moved from the beam. Incident protons which experience inelastic collisions
with nuclei in the shield are removed from the beam. The secondary protons
and neutrons produced in these inelastic collisions are added to the beam.

Secondary particles are produced by primary protons, cascade protons,
and cascade neutrons. Secondaries produced by evaporation neutrons are not
calculated by LPSC.



The secondary particles are calculated as follows: The various slabs of
materials in the shield are divided into increments Xy thick and print

boundaries Xq (see fig. 2). The print bounds are locations within the shield
at which data are printed. The &Xx are used as secondary source regions
throughout the shield. Between two comsecutive print bounds all 8Xkx values
are the same. When a print bound is crossed the 8&X, are agaln all equal

but they may be different (in number and/or size) from those in the previous
region.

Indexing presents a problem in a calculation of this nature. In general
the index i or I is used to indicate incident particle energies and J
or J for exit or secondarg particle energies. At an internal boundary the
energies incident on the Kt layer are the same as those that exit the K-l
boundary. However, even though these energies are the same when viewed as
incident particles the subsecript i or I will be used and when viewed as
exit particles the subscript Jj or J will be used. One exception will be
found in the dose calculation where the exit primary proton energies retain
the index 1 to prevent confusion with secondary particle energies which use
the subscript Jj. These primary particles that exit the shield may be con-
sidered incident on a detector to preserve the above rules.

Let N(Ei,x) be the number of protons/cm? (or protons/cm? sec) in each

energy group Ei at depth X 1into the shield which are incident on a layer
SXk. Let N(EJ,X + SXk) represent the number of protons at energy Ej from

N(E;,X) which pass through 8Ky  without experiencing a nuclear interaction.
A drop in energy from Ei to Ej occurs due to ionization. Let ZP(Ei) be

the macroscopic cross section in cmz/g for proton inelastic collisions. The
two quantities N(E;,X) and N(EJ,X + 8X) are related by

N(EJ-,X + 8X) = N(E;,X) exp (=p(E;) * 8%) (13)

Since exp (AZP(EE)‘ SXk) is the probability that no interactions occur in

8Xy then [1 - exp(=p(E;) » 8Xy)] is the probability that an interaction does
occur in &X,. Hence the number in N(Ej,X) that interact in 8Xy is given

by N(EE,X)[l - exp(-EP(E)SXk)]. Let ycpp(ﬁi’Ej) be the average yield of

cascade protons at energy Ej produced by an interacting proton at energy
E;« Let ch(f&,EJi§Xk) be the cascade protons at energy Ej produced by
protons of energy Ej in layer 8Xy. The secondary group is related to

the incident group by

Cpp(ii,Ej,axk) = N(Ei,x) 1- exp[.zP(Ei)axk]} y

(E;,E,)

cpp J

(14)



Similarly let ch(ﬁi,Ej,SXk) be the cascade neutrons and ycnp(ﬁi’Ej)

the average yield of cascade neutrons. Then the cascade neutrons.are re-
lated to the incident protons by

cnb(ii’Ej’axk) = N(Ei,X) {i - eXP[4EP(ﬁi)5XkI} chp(ﬁi:Ej)
(15)

Let er(f&,BXk) be the yield of evaporation neutrons produced by

the incident proton group N(Ei,%). Let Yenp(ﬁi) be the average yield of
evaporation neutrons per interacting proton at energy Eﬁ. The evaporation

neutrons are assumed to have a fission spectrum. The evaporation neutrons
produced are related to the incident protons by

N (Ep,8%,) = N(E,X) {1 - exp[zp(ﬁi)axk]} Yenp(Bt)  (16)

When neutrons are incident on a layer 8&Xy with sufficient energy Ei
to produce secondaries a similar set of equations can be written

an('ﬁi,Ej,axk) = n(E,,X) { 1- exp[-En(Ei)SXk]} ycpn(ii,Ej)

(x7) |

M (B, By,8%,) = n(Eg,X) {1 - exp[-zn(ﬁi)axk]} Yenn(EisEj) ’
(18)
N (B ,8%,) = n(Ei,x) {1 - exp[-zn(ﬁi)axk]} Yern(E) (19)

where n(E;,X) represents the incident neutrons/cm® (or neutrons/cm® sec) at

energy B; at depth X and Zn(ia) represents the neutron inelastic cross

sections in cm?/g. Equations (17), (18) and (19) give the cascade protons,
cascade neutrons, and evaporatlon neutrons, respectively.

The secondary particles produced in a layer 8X, are placed at the

center of this layer for calculating attenuation through the remainder of
the shield. These secondaries are attenuated across the half layer SXk/Z
(in which they were born) by removing those that experience inelastic
collisions. No higher generation secondary production is calculated in this
half layer due to the secondaries that were born here.

Particle penetration through each 8X} is accomplished using the
straight ahead approximation except for evaporation neutrons which are as-
sumed to be emitted isotropically.
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The data from reference al gives secondary yields, energies of secondaries,
and inelastic cross sections at energies .25 MeV < E < 400 MeV for C, 0O, Al,
W, Pb, and U for protons and neutrons bombarding. Data for N, Ti, and Fe
were obtained by interpolating the data from reference 4 as a function of mass
number.

The secondary particle data tables in LPSC contain data up to 1000 MeV.
The secondary yields and energy of secondaries were extrapolated from 400 MeV
to 1000 MeV by fairing in a curve. For neutron and proton energies > 400 MeV
the inelastic cross sections at 400 MeV are used. Low energy (<25 MeV) neutron
cross section data were taken from the literature.

The proton cross section tables contain entries in the energy range
10 MeV to 1000 MeV for hydrogenous materials. For nonhydrogenous materials
the proton cross section tables contain data in the energy range 25 MeV to
400 MeV. When data beyond the range of the tables are required for yields
and energy of secondaries the program will extrapolate the tables using a
2 point Lagrange interpolation equation. If neutron cross sections are called
for below the minimum value in the table the cross section is set equal to
zero. The proton range energy table contains data up to 10° MeV.

The yields for cascade neutrons emitted when cascade neutrons are in-
cident were carried to the low energy threshold for inelastic scattering by
assuming the yield below 25 MeV would be given by the ratio Gn,n"/bn,x‘

Where Gn,n' is the inelastic scattering cross section and 9n,x is the total
inelastic cross section. This was accomplished for the following materials in
this program: carbon, oxygen, nitrogen, aluminum, titanium, iron, uranium,
water and polyethylene. For lead and tungsten the n, 2n cross section was
included for energies < 15 MeV.

Attenuation of Secondaries

The cascade protons are attenuated in the same manner as the primary
protons.

The straight ahead approximation is used for both cascade protons and
cascade neutrons. Additional generations of secondaries produced by second-
aries for both cascade protons and cascade neutrons are calculated or deleted
on command.

In this program cascade neutrons are assumed to experience inelastic
collisions with nuclei having mass numbers >3. This interaction assumes that
the incident neutron was absorbed followed by the emission of secondary cascade

lReference 4 also gives data for other elements not used in LPSC.
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and evaporation particles. This is the same type interaction described for
protons only now the bombarding particles are neutrons. Elastic collisions
of cascade neutrons with nuclei heavier than the neutron tend to produce
small deflections which result in small energy loss, hence a small attenu-
ation.

Elastic collisions of cascade neutrons in hydrogen do have a significant
effect on attenuation. This results because the mass of the target is nearly
equal to the mass of the incident particle. Some simplifying assumptions
were made regarding the elastic collision process in hydrogen. The energy of
a8 neutron scattered off a hydrogen nucleous was averaged (and weighted using
differential cross sections) over all angles of scattering. The recoil
nucleous was assigned an energy which was the difference between the incident
neutron energy and the scattered neutron energy. Both the neutron and proton
were assumed to be emitted in the direction of the incident neutron. Tables
of scattered neutron energies and recoil nucleous energies were calculated
for several incident neutron energies.

The elastic collision of a proton on hydrogen nuclei was assumed to
yield two protons both having the same direction as the incident particle
and each proton having half the energy of the incident particle.

The above assumptions for neutrons and protons enables data tables to
be constructed for hydrogen similar to the secondary particle data tables
for the other materials.

The method used to attenuate the dose from evaporation neutrons is
similar to the one described in reference 2. The details of this calcula-
tion are presented in the section on dose calculations.

The data tape for the LPSC program contains beryllium as the only choice
of shield mateéerial which does not contain secondary yields. The incident
proton spectrum is attenuated by ionization only.

Primary and Caszade Proton Dose

The primary proton flux N(f&,xg) which penetrates the shield is con-

verted to dose 1n rads by multiplying by the stopping power dE/dX (for water
or tissue) and a unit conversion factor U. U _is in rad g/MeV or

rad g sec/MéV hr depending on the units of N(Ei,Xg). Let the primary pro-
ton rad dose be given by Dpp then

- £, 4 \
Dyp = U z N(El,Xg)(dX)E. (20)

1



1z

The rem dose is given by

I

Doy = U E N(E, X, (‘g}E{)E RBE(E; ) (21)

1
i=1

The RBE factors as a function of proton energy are inserted in the program
as a table The RBE data was obtained from reference 6.

Equations (20) and (21) are used to calculate the dose in rad and_rem,
respectively, for cascade protons where N(El,Xg) is replaced by Ncp( J,Xg),

summation is accomplished over the index j which represents cascade proton
energies, and (dE/dX)E..
dJ

Since dE/dX increases with a decrease in E there exists a possibility
of a given proton spectrum producing a higher dose at some positive depth than
existed at the incident face. 1In order to observe this effect the increase in
dE/dX must outweigh the loss in particle attenuation.

Cascade Neutron Dose

If the cascade neutron flux that penetrates the shield is given by

N (E X ) and the cascade neutron dose is given by D then
J
<
Dep = i Nen(Ej5,Xe ) A(E;) (22)
J=1

where A(Ej) is the flux to dose conversion factor at neutron energy Ej'
{
The values of A(E ) for the energy interval 0.1 MeV to 10 MeV were ob-
tained from reference 6 The values of A(E ) for the energy interval 60 MeV

to 400 MeV were obtained from reference 7. The data from 10 to 860 MeV were
faired in. These conversion factors are based on calculated maximum doses
produced in a slab of tissue by normally incident neutrons.

Evaporation Neutron Dose
The evaporation neutron dose is calculated in a manner similar to that

of reference 2 with some alterations. The dose, due to evaporation neutrons
born in each 8X,, is evaluated as the dose from an infinite plane source at



13

the center of &X) (see fig. 3). The Albert Welton Kernel is integrated over
angles and shield layers which are neutron sources.

The rad dose from evaporation neutrons in the entire slab is given by

J
826, Ot
TCos 6T Jp(E,8%,) + M (Ej 8%, ) a(x,,00)
m=1 k— i=1 J=
(23)
where
SQ(Gm,6m+l) = 2n(cos 6p - cos Omt1) : (24)

The index m represents the number of angles measured in the interval
0<o!< 90°, see figure 3. The angle 65 is the midpoint of the angular

interval (em,em+l). The index k represents the number of increments of
shield thickness 8Xye The index 1 represents the number of energy groups

of incident protons which produce evaporation neutrons in ©&Xy. The index J
represents the number of energy groups of incident cascade neutrons which pro-
duce evaporation neutrons in SXk. The units for these sums are particles/cmz

or particles/cmz sec.

The maximum number of angles that can be used is 10. Experience has
shown that five angles are.adequate in reproduting ‘the dose calculationstdo
two significant figures when compared with the 10 angle calculation. For
materials where the evaporation neutron dose is small it may be preferred to
run with one angle because the running time is less.

The term G(Xk,eﬁ) is the attenuation kernel. For hydrogenous material

G is the Albert Welton kernel using the coefficients derived by Casper
(ref. 8). For nonhydrogenous material G is used as shown by reference 2.

The function G(Xy,04) is calculated in LPSC as follows

G(X,,6!) = C{F(n) exp|- E SpTrkp) (25)

n=k



where

C2 C4
F(n) =n  exp( - Czn ), n > 2.0 (26)

Equation (27) represents a stralght line extrapolation of F(n) versus 17 for
0<qn<2.0.

F(n) = 0.772 - 0.065 7, 0<17<2.0 (27)
Knax
r
n
n = E H) 5 (28)
n
1=k

removal cross section for material n in cmZ/g

slant path length through material n in g/cmz

a constant

Ky = 1.0 for all hydrogenous materials
Knp= 1.0 for 2 <Z <6 for nonhydrogenous materials

Kn = 0.5 for Z > 6 for nonhydrogenous materials

= the ratio of hydrogen density in material n +to hydrogen density in

water

the density of material =»n in g/cm5

= the maximum value to the index on the number of 8X, layers being
calculated to the detector point. As the detector point moves the
value of Kpo, willl change.

The index in equation (25) starts at XK and progresses to Knax+ This

indicates that source layers are numbered 1 starting at the incident face and
progress to K .. at the detector face. Therefore the attenuation applied to

the Kth layer is from X to K. .. As the calculation progresses to a new
print bound the value of Kﬁax willl change. See figure 2.

data

(C1,C0,C2,C,) = (5.389 X 1079, 0.3492, 0.4223, 0.6984) (29)

Casper in reference 8 derived the coefficients in equation (29) to fit the
in the range of 10 em to 130 cm from the source in water.
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Equation (29) represents a departure from reference 2.
The value of Cq = 5.389 X 1079 is for source terms in particles/cmz.

Then G is in (rad/flare)/(neutrons/cm®). If the source terms are in
neutrons/cm? sec then Cj = 3600 X 5.389 X 1072 and G is in (rad/br)/
(neutrons/cm? sec).

If the shield is all nonhydrogenous G(Xk’ei) is calculated using

equations (25) and (27) where 7 = O. If the shield is all hydrogenous

G(Xg,0)) is calculated using equations (25), (26), and (27) where 7 # 0.

When some layers following layer n contain hydrogen and some do not,
the method of reference 2 is used. Replace S, with Sjl,. Then if non-

hydrogenous material follows layer n, set 1lp = K,. If hydrogenous material
follows layer n, then 1, is selected as follows:

If
K, = 1.0 then 1, = 1.0 (30)
if

Kp = 0.5 then 1, 1is taken as the minimum of

ln =1.0 or
K
max
1 “n
Ip = 0.5 + ¢ (Hn 1—,;1-) (31)
n=k+1

The Albert-Welton Kernel (eq. 25) with F(n) defined as in equation (26),
pertains to neutrons with a fission energy spectrum. Bertini's data indicates
thet the evaporation neutron energy spectrum is harder than the fission spectrum
when incident particle energies are > 25 MeV. This will tend to make the calcu-
lated dose from these evaporation neutrons low. Evaporation neutrons do not
produce secondary particles in this program.

Equation (23) calculates the rad dose from evaporation neutrons. The rem
dose is obtained by multiplying the rad dose by an RBE of 10. The RBE can be
readily changed in the program to any value considered more applicable.

Total Doses and Flux and Source Terms

In addition to caleuwlating the individual dose components previously
mentioned the program calculates the total proton dose, the total neutron dose,
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and the total dose from all particles. If dN/dE or N(>E) is input in
proton@«cmz MeV flare) or protons/(cmzzflare), the doses calculated are
rad/flare and rem/flare. If dN/dE 1is in protons/{cm? MeV sec) then the
doses calculated are in rad/hr and rem/hr.

The LPSC will calculate the particle flux at each print bound in
particles/cmz or particles/cm? sec. The evaporation neutron source strengths
in units of neutrons/g or neutrons/g sec are also calculated for each &X
layer.

PROGRAM DESCRIPTION LPSC

The Lewis Proton Shielding Code (LPSC) consists of the main program
PISR and the following subroutines:

FLUXEQ calculates initial proton flux as a function of initial incident
energy.

INVALU sets up energy intervals at exit face of slab and at all inter-
mediate print out bounds at which printed output is desired;
uses these energy groups to calculate initial incident energy
intervals and with FLUXEQ establishes initial proton spectrum.

EVNEDO calculates the evaporation neutron dose based on the source
terms from the midpoints of each 35X increment.

X8 computes the cross sections of protons and neutrons as a function
of energy.

LAGRNG interpolation scheme based on Lagrange fundamental formula for
interpolation.

YIELDS calculates the yield of secondary particles per collision as a
function of the type and energy of the bombarding particle.

RANGE a dual purpose subroutine which calculates the range as a function
of energy, and the energy as a function of range.

CASNRG computes the energy of cascade protons and neutrons as a function
of the type and energy of the bombarding particle.

DOSEK computes proton and neutron flux to dose conversion factors for
doses in rad (or rad/hr) and rem (or rem/hr) as a function of
energy.

PROPTY  transmits all material properties from magnetic tape to disk
storage for faster access and transmits tables of flux to dose
conversion factors to core storage.
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SORT 1is a general purpose sorting routine.

The main program PISR is divided into four separate sections. In the
first section the input data is entered into the computing machine and large
blocks of storage are initialized for later use. The second section contains
the calculations for the attenuation of the primary protons, and the colli-
sions producing secondary particles. All secondary particles are assumed to
be born at the midpoint of each 8&X subinterval and are attenuated across
the second half of the 8&X subinterval. The .dose calculations are contained
in the third section of the main program, and section four controls the output
of data.

Subroutine FLUXEQ calculates the flux values of the proton spectrum.
incident on the shield at various energies. In subroutine INVAIU an equa-
tion number, entered as input, specifies the particular analytical equation
that simulates the spectrum or the table of values of flux versus energy that
defines the spectrum. These equations represent either the integral or dif-
ferential spectral forms. The .code converts the rigidity spectral equations
to energy and all calculated spectra are presented in terms of energy.

The INVALU subroutine is a two section program which computes all the
initial data for a particular problem. The first section contains the com-
putation of the AX intervals and BX subintervals and then establishes
the energy bounds and average energy for each energy group at the initial
incident face. In part two, the number of particles in each energy group is
calculated using the spectral values determined in subroutine FLUXEQ. If
an integral type spectrum is to be used, the N(>E) is evaluated at the
boundary energies of each group and the number of particles in each group is
obtained by differencing the successive values at the boundary energies. The
differential dN/dE is evaluated at the average energy for each group, and
the number of particles in each group is computed by multiplying this value
of dN/dE by the difference in boundary energies for that group.

The evaporation neutron dose is computed in subroutine EVNEDO. The
first section contains the input statements for the materials which comprise
the shield to be analyzed and the computation of the angles to be used for
the dose calculations. The second part computes and saves two summations
for each angle and ©®X subinterval. The first is the summation of the
product-quotient Hr/P, while the second is the product «Sr, with an adjust-
ment multiplier 1 sometimes being included to account for the variation of
materials in the makeup of the slab. Section three computes the evaporation
neutron source terms for each 38X subinterval and also computes the evap-
oration neutron dose at each print bound based on the above summations.

Subroutine PROPTY controls the input of data for each material and the
flux to dose conversion factor tables from the magnetic tape to the computing
machine. The data tape is mounted on logical tape unit 3 and the mate-
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rial data is then transferred to disk storage to decrease access time, if
a disk is available, or to logical unit 4 if a disk is not available. This
transferring of data reduces the possibility of destroying the mester data
tape in the process of program execution. The flux to dose conversion
factor tebles are transferred directly into computer storage. The second
section of PROPTY controls the transfer of material data into computer
storage and initializes the various subroutines involved for the necessary
constantd-and type of interpelation.te bé dppliéd td theTdata.. If.a-call:
is made Tor s material which is not available the program will stop and
print out an appropriate error message.

The remaining subroutines, XS, LAGRNG, YIELDS, RANGE, CASNRG, DOSEK,
and SORT are 81l straight forward and require no further explanation.

INPUT DATA FOR LPSC

Most of the data used by LPSC is on & data tape. This includes the
range energy teables, secondary particle yield functions, energy of second-
ary particles, cross sections, mass stopping power, flux to dose conversion
factors and an RBE table.

The following data 1s input on cards:
NOCDS - the number of identification or comments cards printed at the begin-

ning ning of each set of output data. A minimum of one (1) card is required,
even if blank, and-a maximum of 99 is permissiBle. Format. (Ié)

12 73 80

XX NOID

CARD - The comments or identification card(s) to be printed; a total of
NOCDBS required. If print position one (1) on output is for carriage con-
trol, include appropriate control character in card column one (1) of com-
ments card. Format (12A6).

14 2 72 | 73 80

Comments or identification ID

SPBND - The minimum energy in MeV of incident protons which produce second-
ary particles.

SNBND - The minimum energy in MeV of incident neutrons which produce sec-
ondary particles.
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PDSBND - The minimum energy in MeV for computing proton dose due to ioniza-
tion. ”

NDSBND -.The minimum energy in MeV for computing cascade neutron dose.

BNDLOW - The minimum energy in MeV of the initial incident prlmary proton
spectrum.

KNTRP - A control governing the various generations of protons to be cal-
culated. If KNIRP = 1, primasry protons only will be calculated; = 2,
primary and first generation secondary protons and evaporation neutrons
produced by primary protons will be calculated; = 3, primary and all gen-
erations of secondary protons and evaporation neutrons produced by all
protons.

KNTRN - The control for the generations of neutrons to be calculated. For
KNTRN = 1, first generation cascade neutrons are calculated; = 2, all
generations of cascade neutrons and evaporation neutrons from cascade
neutrons are calculated.

SOFENO - Material number for dE/dX (of receiver) table to be used in dose
calculations.

SOFENO Material

1 Water
2 Tissue

For SOFENO equel to any other number, the program will stop and print
an appropriate error message. Format (5F6.0,3I4).

1 6|7 12113 18|19 24|25 30|31 3435 38|39 42 73

X.X | XX.X X.X XX.X X.X X X X Limit 1

80

KOSW - Branching controls for various calculations throughout the program.
Provision has been made for 36 such controls but not all of them are used.
The following list describes the effect when the control is set equal to 1 or
2; for any other number some type of error is likely to occur. (The number
in parentheses refers to a specific card column.)

Kosw (1)

l, omit table of neutron source terms;
2, print table of neutron source terms;

]

KOSW (3) = 1, omit table of initial incident energy group bounds, delta energy
and average energy for each group, value of dN/dE at the average
energy or N(>E) at energy group bounds, and the number of protons

in each group;
2, print the above table of initial values;

]




KOSwW

KOSwW

KOsSwW

KOSW

KOsw

KOsw

KOsw

KOsw

KOSw

(5)

(9)

(11)

(13)

(15)

(17)

(19)

(21)

20

1, calculate the dose at each shield print bound;
2, calculate the dose of the initial incident primary proton

spectrum only without performing any further shield calcula-
tions;

= 1, energy group bounds for cascade neutron spectrum is the same

as that for initial proton energy group bounds;

= 2, energy group bounds for cagscade neutron distribution are input

]
i

fu

i

]

data;

1, omit tables of energies of proton particles incjdent at all

8X layers and associated proton cross-sections; '

2, print tables of energies of protons and associated cross-

sections. (This data can be used for checking purposes.);

1, omit tables of primary and secondary proton and cascade
neutron spectrum source terms at intermediate print bounds
and exit face;

2, print tables of all spectrum source terms at intermediate
print bounds and exit face;

1, initial incident proton spectra data is not time integrated;
2, calculations are based on time integrated initial incident
proton spectra data;

1, construct additional energy groups at intermediate print
bounds using equal increments;

2, construct additional energy groups at intermediate print
bounds using variably spaced increments;

1, omit table of total proton and cascade neutron flux terms;
2, print table of total proton and cascade neutron flux terms;

1, initial incident energy group boundaries are calculated from
the energy group bounds at the exit face and intermediate
print bounds;

2, initial Incident energy group boundaries are input data.
(This feature is useful for a moncenergetic case);

1, calculation of proton dose factors due to nuclear interaction
is bypassed;
2, proton dose factors due to nuclear interaction are calculated.

This version of the program is equipped to handle this type of dose computa-
tion; however, at present there is no reliable data for these calculations
and KOSW (21) should be set equal to 1. If reliable data is forthcoming it
may be used in place of the table of zeros now in the program.
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For the folioWing control switches (card columns 25 through 36), the
program uses linear interpolation on the raw data when the branching control
equals 1; and for the control switch equal to 2 the program replaces the raw
data by the logarithms (base 10) of the data and then uses linear interpo-
lation on the logarithms. The interpolation with logarithms option was in-
cluded to Increase the accuracy of the calculations, however the use of this
option will also increase the computing time necessary for any problem.

KOSW (25), range-energy;

KOSW (26), proton cross-section;

KOSW (27), neutron cross-section;

KOSW (28), emitted yields for protons bombarding;

KOSW (29), emitted ylelds for neutrons bombarding;

KOSW (30), energy of cascade particles for protons bombarding;

KOSW (31), energy of cascade particles for neutrons bombarding;

KOSW (32), dE/dX mass stopping power;

KOSW (33), relative biological effectiveness (RBE);

KOSW (34), cascade neutron flux to dose factors for rad or rad/hr units;

KOSW (35), cascade neutron flux to dose factors for rem or rem/hr units;

KOSW (36), proton (nuclear interaction) flux to dose factors. (This table
presently contains zeros.) Set KOSW (36) equal to 1.

FORMAT (3611)

1 2+ 36 73 80

XXXXXXXXXXL B  2X00000ocoxxl KOSwW

NOX - The number of shield thicknesses or print bounds at which data is
desired. The maximum number permissable is 20.

NOANG - The number of angles used in computing the evaporation neutron
dose. This must be an integer in the range from 1 to 10.

Format (27I4)

1 4|5 8 73 80

XX XX Limit 2
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The sevdn pieces of data which follow are needed for each shield thickness
at which data is to be printed - a total of NOX cards.
X(J) - The shield thickness in g/em® at the J'H print bound;
NOD2X(J) - The number of &X  increments between the JB ang (J-1)tR print
bounds. If J = 1, the (J-1)*P print bound is assumed to be at X = O.
The total number of ©&X ’increments for the entire shield must be < 200.

PROPNO(J) - The property number for the material between the I ang
‘J-1)%h print bounds. This version contains data for the following mate-

rials:

Material PROPNO
Hydrogen 2
Beryllium 104
Carbon 102
Nitrogen 1086
Oxygen 107
Aluminum 101
Titanium 108
Iron 103
Tungsten 109
Lead 105
Uranium 110
Water 1
Polyethylene 3

If a PROPNO(J) is set equal to any other number, the program will stop and
print an appropriate error message.

g

(J) - The density of the JP material in g/cm3

~—

|

s

(J) - The ratio of the hydrogen density in the Jth material to that in
water;

J)

n
™~

~l

- The removal cross-section for the J'B material in cm?/g

[

(J) - The value of Ky used in the evaporation neutron dose calculations.
For 2<2 <6, K=1.0; and for Z> 6, k = 0.5. K must be a non-zero
quantity even though no value for Kk may be required.

Formaet (F6.0, 214, 3F8.0, F6.0)

1 6|7 10111 14|15 22| 23 30| 31 38|39 44 73 80

XXX e XX XX XXX | X.XXXX X o XXXX X« XXXXX XeX MATER TATL
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If KOSW(19) = 1, the following data is required to establish the energy
group bounds at the exit face and intermediate print bounds.

1.) NOINTS(1) - The number of groups of equal energy increments at the
exit face, a maximum of 25 groups permissible.

Format (I3)
1 3 73 80
1l or
XX NOINT 2

Then NOINTS(1) pairs of numbers defined by:

2.) EOMAX(J,1) - The maximum energy in MeV of the Jth group of equal
energy increments at the exit face. For example, if the fourth group of
intervals has a maximum energy of 100 MeV and the fifth group 200 MeV, then
EOMAX(4,1) = 100 and EOMAX(5,1) = 200.

3.) NOINCR(J,1) - The number of energy increments in the Jth group at
the exit face, 1.e., if the fifth group has 5 increments, then NOINCR(5,1) = 5
and the increment size B8E = (200-100)/5 = 20 MeV. The total number of energy
increments at the exit face or any intermediate print bound cannot exceed 300.
Use as many cards as required with 6 pairs of number per card.

Format (F8.0, I4¢, F8.0, I4, F8.0, 14, F8.0, I4, F8.0, If, F8.0, I4)
[l 8]912]13 20[2124] 25 32|33 36|37 444548 |49 56|57 59[61 68

XXXX.X XX XXXX « X XX XXXX X XX XXXXX XX | XXXX.X XX | XXXX.X]|

69 72173 80
1l or
XX EINT2

For KOSW(15) = 2, a set of data similar to 1) through 3) is needed which
applies to the initial face and all intermediate print out boundaries i.e.,
4) NOINTS(2), 5) EOMAX(J,2), and 6) NOINCR(J,2). Whereas &t the exit face
the energy grouping applies to the whole energy grid, at the initial face and
print bounds these groups are used to determine the energy grid between
E=E, and E= 0 only, where E, is the energy on the initial face or

Kth print bound which degrades to E = 0 at the (K + 1)th intermediate print
bound or exit face. The remainger of the energy grid at the initial face or
Kth print bound is calculated from the energy grid at the (K + 1)tP print
bound or exit face. If KOSW(15) = 1, data 4) through 6) are replaced by
CoLTTY L L ST e St ~ S A NS

L RIRIORY ne

4() NDE - the number 6f equal ehergy increments into which the range E = 0
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to E = Eg will be divided at the initial face and intermediate print out

bounds, i.e., in the range (0,Ey) there will be NDE increments of size
8E = Eo/NDE. Format (I3).

1 3 73 80

XX NDE

7.) EIMAX - The maximum energy bound in MeV at the initial incident face.

Format (E12.5)
1 12 . 73 80

+x. xxxxxB + XX EIMAX

The monoenergetic case or any case for which the energy grid at the
initial incident face is to be input can be computed by setting KOSW(19) = 2,
omitting data words 1.) through 7.) above, and inserting the following
information:

T

KHI -:Thehumber of energy bounds at the initisl incdiden®t face;

Format (I3)
1 3 73 80
XX KEI

EI - The energy bounds for each group, a total of KEI. The maximum number
permltted is 300. Format (8F9.0)

1 9110 18|19 27|28 36|37 45|46 54|55 63|64 72|73 80

XXXXeX XXXXeX XXXXX XXXXeX XXXXeX XXXX X XXXX X xxxx.x | EI

The spectrum simulation is controlled by two or more cards as follows:

MOVE - A control for the type of spectrum to be used. If T'(E) = dN/dE,
MOVE = 2, and for TM(E) = N(>E), MOVE = 1.

EQNO - The number of the equation or method describing the proton spectrum
at the initial incident face. Seven different forms, numbered 1 through 7,
are available and described below.

TITLE - An identification for the title or name of the spectrum. A maximum
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of 66 characters, including blank spaces, are permitted for this identification.

Format (2I3, 11A6)

1 3({4 6|7 72173 80

X b'd Name of spectrum CONTRL 1

If EQNO = 1, I'(E) = AE™B

The coefficients A and B in the equation are input. Format (2El2.5)

1 12 | 13 24 73 80

x . xxxxxEryy | tx.xxxxxBtyy CONTRL 2

If EQNO = 2, P(P) = N(>P) = A exp(-P/P,)

MOVE = 1L on CONTROL 1 and the coefficients A and P, replace A and B
on CONTROL 2. Format (2E12.S) -

IF EQNO = 3, a table of values is to be read as input.
In place of card CONIRL 2, read the following:

NOENTS - The number of entries in the table on card FLUX 3,1. A maximum of
100 entries in the table is permitted. Format (14)

1 4 73

xx FLUX 3,1

80

Thie is followed by the table in Format (F8.0, E10.3, F8.0, E10.3, F8.0, E10.3,

F8.0, E10.3). These represent pairs of numbers, the energy -EEEE and the
corresponding spectra value PROTS at this energy.

1 819 18 119 26 | 27 36 | 37 44| 45 54155 62
XXX XX | +xxxxBryy XXX«XX | +X.xxxEtyy XXX o XX +x.xxXEiyy XXX . XX
63 72 173 80

+X.xxxEBtyy | FLUX 3,2

Continue with as many cards as required.



If EQNO = 4, T(E) = A(E) exp(-B(E))
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L) e 4 4

where A(E) = :zg: aiEi‘l and B(E) = ZEE: .biEi“l. The coefficients &
i=1 i=1
and b ér; 1nput:
a;, 1 =1, 2, 3, 4. Format (4El12.5)
1 12 |13 24|25 36 | 37 48 73 80
X xxxxxEBryy | Ex xxxxxEryy | Ex.xoooxBryy | dxxooooxEryy FLUX 4A
by, 1 =1, 2, 3, 4 Format (4E12.5)
1 12 113 24|25 36| 37 48 73 80
+x. xxxxxEtyy :x.:uuuudﬁ&yy 2x. xxxxxEtyy | #x. xxxxxEtyy FLUX 4B
4

If EQNO = 5, log)q I'(E) = Z a,ET"t

The a4 are input as in card FLUX 4A.

4
E 1-1
If EQNO = 6, logyg I'E) = ay(log;g E)

If EQNO = 7, I'(P) = % -4 eF/Po

; are input as in card FLUX 4A.

i=1

MOVE = 2 on CONIRL 1 and the input A and Py are in FORMAT (2E12.5) as on

CONTRL 2.

For. EQNO = 1, 3, 4, 5, 6, MOVE may be either 1 or 2 depending on the
data to be used.

The last set of cards construct the cascade neutron energy table.
first card in this set gives the

Format (I3).

The

number of entries, NONUBD, in the table.
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1 3 Y1173 80

XX NONUBD

This is followed by the bounds, NUENBD, of the energy groups in descending
order . . . 100 MeV, 80 MeV, 60 MeV, . . . O MeV. Format (7F10.0).

1 1011 20|21 30 |31 60 | 73 80

XXX X XXX+ X XXX+ X . e e NUENBD

Use as many cards as required.

TAPFIX Program

Program TAPFIX is a FORTRAN IV computer program which generates from
tables of data punched in cards a data tape to be used with the Lewis Proton
Shielding Code (LPSC). The tape to be generated is mounted on logical unit 3.
The first half of TAPFIX deals with the property data for various materials
and the second part controls the tables of flux to dose conversion factors.
Followlng is a list, in sequential order, of the data and formats necessary
to generate a tape which is compatible with LPSC.

NOMAT 1 - the number of various materials for which shielding data is
available.

NOMAT 2 - the number of receiver materials for which tables of LdE/dx (to be
used in dose calculations) are available in this program.

FORMAT (214)

1 4|5 8 73 80

XX XX LIMITS

Following this card should be NOMAT 1 sets of data, one for each material.

MATNO - the number assigned to each material (see list on page 22); hydro-
genous materials are in the range 1 through 49, nonhydrogenous materials are
assigned numbers greater than 100.

NOFCOM - the number of elements comprising a given material. All the materials
in LPSC are single element materials except water and polyethylene which
contain two elements. The program is coded to allow compounds with up to

four elements. The table entries for secondary yields of compounds are dif-
ferent from the ylelds for elements in the following way. For a compound,
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the ylelds for each element are multiplied by the ratio of the inelastic
cross section of the i®® element to the total inelastic cross section for
the compound, thus the fraction of incident particles that collide with the
ith nucleous produce yields from the ith nucleous ete. This requires sec-
ondary yields and secondary energies for eachlelément of ®ach compound«*: -
If the compound is hydrogenous, the hydrogen data must be pleced first in
each group of tables. The cross section tables for neutrons and protons
bombarding are for the compound or element which ever applies.

GMWT - gram molecular weight of the particular material.

Ll - length of the range-energy table.

Lz - length of the energy of cascade particle table - protons bombarding.
L3 - length of the energy of cascade particle table - neutrons bombarding.
L4 - length of the emitted yield table - protons bombarding.

LS - length of the emitted yield table - neutrons bombarding.

L6 - length of the proton cross-section table.

L7 - length of the neutron cross-section table.

FORMAT (2I4, E13.6, 7I4)

1 4[5 819 21|22 25|26 29|30 33|34 37|38 41|42 45)46 49
XXX X | £x . xxxxxxEXYY XX XX XX XX XX bod Xx
73]

I-ED)

ENERGY - energy grid in MeV for range-energy table.

RANGE - associated range for each entry in ENERGY grid. (Ll pairs of numbers)

FORMAT (8E9.3)

1 9l10 18|19 z27fes ¢ zgla7 45

X xxxBEx | Ex.xxxBix|ix.xxxBix |tx,xxxBix |ex,xxxBix] .

ENRGRP - energy in MeV of bombarding proton for cascade particle energy table.
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EPRFR +~ assoclated energy in MeV of cascade proton produced.

EPRNU - associated energy in MeV of cascade neutron produced (L2 triads of
numbers) .

FORMAT (9E8.2)

1 8(9 16(17 24125 32|33 4041 48‘i9 56]57 64

Ty xXEEY | 3. oBY L ok BEY (3. xaBEY Vo xxEEY Mex . xxBHY tex . xxBEY] £x . xxBLY

4

65 72173 80
X .xxExY

ENRGNU - energy in MeV of bombarding meutron for cascade particle energy
table.

ENUPR - associated energy in MeV of cagcade proton produced.

ENUNU - assoclated energy in MeV of cascade neutron produced. (L3 triads
of numbers) .

FORMAT (Same as for energy of cascade particle table - protons bombarding)
ENERPR - energy in MeV of bombarding proton for emitted yield table;
YPRCP - associated cascade proton yield per inelastic event;

YPRCN - assoclated cascade neutron yield per inelastic event;

YPREN - assoclated evaporation neutron yield per inelastic event; (14 groups
of numbers)

FORMAT (8F9.0)

1 9li0 18[1s =27]28 36[37 45las s4lss  s3lea 72|73 80

XXX X X XXX X« XXX X XXX XXX X X« XXX XeXXX Xe XXX

ENERNU - energy in MeV of bombarding neutron for ‘emitted .yield table;

YNUCP - associated cascade proton yield per inelastic event;

YNUCN - associated cascade neutron yield per inelastic event;

YNUEN - associated evaporation neutron yield per inelastic event; (L5 groups
of numbers)
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FORMAT (Same as for yield tables with protons bombarding)
EBOMP ~ energy in MeV of proton particle for cross-section table;

XSPR - associated proton cross section in millibarns; (L6 pairs of
numbers)

FORMAT (10F7.0)

1 718 14115 21|22 28}29"°" 35|36 4243 49|50 56|57 8364 70

XXX X XXX« X AXX L] AXXaX] XXHX XXX X XXX X XXX eX| XXX .X| XXX X

73 80

EBOMN ~ energy in MeV of cascade neutron particle for neutron cross section
table.

XSNU - associated cascade neutron cross section in millibarns (L7 pairs of
numbers) .

FORMAT (Same as for proton cross section table)

This concludes the list of property data for each material. The follow-
ing data are flux to dose conversion factors for protons and neutrons.

18 - length of the relative biological effectiveness table (RBE)

L9 - length of neutron flux to dose factors table for rad or rad/hr units
L10 - length of neutron flux to dose factors table for rem or rem/hr units
L1l - length of proton (nuclear interaction) flux to dose factors table

FCRMAT (414)

1l 4|5 8|9 12|13 16 73

XX| XX| XX XX

80

RBENRG - energy value in MeV for the RBE table

RBE - associlated relative biological effectiveness (L8 pairs of numbers)




FORMAT (F7.0, E9.3, F7.0, E9.3,
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ov.)

1 718 16117 23] 24

XXX X [tx . xxxE+Y XXX o K| X e XxxBEtY XXX e X| X o XXXEFY | XXX oX| ¥x o xxxEXY

32|33 39|40 48149 55|56 64

73 80

KI1NRG - energy value in MeV for
rad or rad/hr units.

K1 - associated neutron flux to
(neutrons/cm? sec) (L9 pairs of

FORMAT (Same as for RBE table).

K2NRG - energy value in MeV for
rem or rem/hr units.

K2 - aggociated neutron flux to
Tneutron/cm? sec) (110 pairs of

FORMAT (Same as for RBE table)

neutron flux to dose conversion table in

dose conversion factor in (rad/hr)/

‘mumbers) .

neutron flux to dose conversion table in

dose conversion factor.in (rem/hr)/
numbers) «

KNRG - energy vaelue in MeV for proton (nuclear interaction) flux to dose

conversion table.

KK - associated proton flux to dose conversion factor (L1l pairs of numbers).

FORMAT (Same as for RBE table).
this version of the code due to

This last table has zero value entries in
the poor data available.

The last data entered on the tape is NOMAT 2 sets of dE/dx tables;
one for each receiver material chosen.

MATNO 2 - the receiver material

(See table on page 19)

number

L12 - length of the dE/dx table.

FORMAT (21I4)

1 4|5 8

XX)| XX

73

80




32

EXENRG ~ energy value in MeV for dE/dx dose conversion table.

DEDX - associated dE/dx conversion value in MeV cm?/g (112 pairs of num-
bers)

FORMAT (Same as for RBE table)

Sample Problem

A sample problem constructed for instructional purposes follows. The
problem was to_calculate spectra and doses at three print boundaries for a water
shield 30 g/cmz thick. The print bounds were chosen at 10 g/cmz, 20 g/cm? and
30 g/cmz. A time integrated type proton spectrum was used where

N(>E) = 7.45x10%8 g2-12 protons/cm?

when the values at 10 g/cm? are calculated the program assumes that the shield
consists of 10 g/cmz only and similarly for the calculations at 20 and 30 g/cmZ.

The primary protouns and all generations of cascade protons, cascade neu-
trons, and evaporation neutron are calzulated. The isotropic emission of
evaporation neutrons is simulated using five angles.

Table I contains the input data for the sample problem. The first card
indicates the number of comments cards which follow. The card labeled LIMIT 1
contains the cut-off energies for the production of secondary particles by
protons, secondary particles by neutrons, proton dose calculations, neutron
dose calculations, incident proton energy, and two control numbers used to
control the calculation of secoudary particies and a receiver material number
respectively. The next card labeled KOSW coctrols the print of data and the
manner of interpolation in the various data tables. The next card containing
a 3 and 5 indicate the number of print tounds and the number of angles used
in the evaporation neutron calculatiorn, respectively. The number of angles
used in the evaporation neutron caliculation is < 10. Since the running time
of the program is angle dependent, five angles are recommended. There are
cases where the evaporation neutron dose is less than 1 or 2 percent of the
total dose. For these cases ore may want to use one angle which will result
in the evaporation neutrouns running faster. The next 3 cards contain the
print bounds, the number of ©®X contained in AX, the material property num-
ber, the material density, the hydrogen ratio, the removal cross section ’
(oxygen only) and the value of K. The next card containing the number 6
indicates the number of AE boundaries where OE may change for the exit
face. These represent nonzero energies at the exit face. The next card
indicates that there exists 6 energies between O and 6 MeV, 2 energies be-
tween 6 and 10 MeV, S energies between 10 and 60 MeV, etc. The next set
of data constructs the exit energy bounds at intermediate print boundaries.
The next card labeled E Max is the maximum energy of incident protons to
be considered. The next two cards labeled FLUX 1 define the proton spec-
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TABLE I. - INPUT DATA FOR SAMPLE PROBLEM

2
SAMPLE PROZ2LEM
WATER SHIELD
1C. Ce0 240 Ce0 20400 3 2 2
221121222211 222222222221
3 5
1Ce. 2C 1 140 1.0 «023 leC
2Ce 10 1 1.0 l.0 «N33 le?
3Ce 10 1 1.0 1.0 «(33 1eC
6
be 6 10, 2 60 5 100 2 60C. 5 1007
7
5 6 10 2 20, 4 40, 1¢ 120Q. 20 ECD.
100C, 2
+1.,0C0CCE+02
1 IN=A*Ex*(-B)
+7e4547CE+12+24120C0840
17
12CC. 4C0C 200 203 12C. 20 HC e
5Ce 40 3Ce De 1% . 5e
4o 2e Qe

SAMPLE PRUBLEM
WATER SHIELD

TABLE II. - INPUT DATA PRINTED WITH OUTPUT

X+MIN X+ MAX NUMBER OF MATERIAL CENSTTY HYDRUIGFEN
(GM/CM*%2) INCREMENTS NUMBER (GM/ CM%x3) RATIC

Ce. 16.C0 20 1 1.0000) 1,309

10.C0 20.00 LG 13 1.00009 1.030
20.00 30.C0 10 1 1.00000 1.309
NUMBER CF ANGLES IN EVAPURATION NEUTRCN DOSE CALCJLATIONS = 5
ENERGY CUT-OFF LEVEL FOR INITIAL INCIDENT PROTON FLUX = 20.00 MFV.
ENERGY CUT-0OFF LEVEL FOR CALCULATING SECCNDARY PROTONS =  10.00 MV,
ENERGY CUT-0OFF LEVEL FOR CALCULATING CASCADE NEUTRUONS = 19,30 MeV.
ENERGY CUT-0FF LEVEL FOR PROTCN DCSE OUE T3 IUNIZATION = 2.0) HEV,
ENERGY CUT-OFF LEVEL FOR NEUTRON DOSE CALCULATICNS = 0. MEV.

D = AxExx(-B) WITH

N=A%E*%(-8)

A = T.45470F 12 AND B8 = 2,12000F 00

LIMIT 1
KOSwW
LIMIT 2
MAT

NOINT 1
EINT 1
NOINT 2
EINT 2

EINT 2
EIMAX

CONTRL
CONTRL
NONUBD
NUENBD
NUENBD
NUENBD

(N

D

REMOVAL XSFCT
(CM*%2/G4)
Jeu33)
0.0330
0.033n
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trum. The next card with 17 on it indicates the number of energy boundaries
used for constructing the cascade neutron energy groups. The following data
are the cascade neutron energy boundaries.

Table II is a printout of some of the input data. The first two com-
ments cards describe the purpose and type of shield considered. The three
lines of data under the title block show the upper and lower bounds of O&x
(labeled x,min and x,max, respectively, in g/cmz). Also shown are the
number of increments in each Ax, the material number (this is & call number
for getting data from the tape), the density, the hydrogen ratio, and the
removal cross section. This data was kept on cards so it could be readily
changed. Below this data is indicated the number of angles used in the
evaporation neutron calculation. The next five lines indicate the .cut-off
energy for the indicated calculations. Below the cut-off energies is the
spectrum equation and the coefficients used.

Table III is a print of the incident proton spectrum and the energy
boundaries and energy groups used at the incident face. These energies
were calculated from input on the exit face. The break between 22 and 23
(left column) shows the maximum energy 2.16621E02 which is >0 at the exit
face. Also 2.16612E02 is the first energy group that does not penetrate
to the exit face. Similar breaks occur for each print bound. Table III
shows six columns of data. The titles should be self explanatory. The
column: on the left without a title is an index counter showing how many
entries:there are in the table. Reading from left to right the second
column shows the incident proton energy bounds at the incident face of the
shield. The next column is N(>E) for the indicated energy bounds in column
two. Column four is the difference of successive values in column two.
Column five is the midpoint energy of column two. The last column is the
difference of successive values of column three and represents protons/cm2
or protons/cme se¢ in group i.

If a differential type spectrum were used the column headings for
table IIT would have been: number of entries, proton energy bounds on the
incident face in MeV, 8E in MeV, average energy in MeV, the differential
spectrum in protons/cm?® MeV or protons/cm2 MeV sec and the (dN/4E)SE 1in
protons/cm or protons/cm? sec in each group.

Table IV contains the proton spectrum data for the print bound
x = 30. g/cm?. The data for the print bounds x = 10 and 20. g/cm? were
deleted from the report. As noted on the incident face data, table III
22 energy groups penetrate the shield. The remainder of the 139 incident
energies were stopped by the shield. The zero data between group 24 and
group 138 was not included in the report. The column on the left indicates
the number of entries in the table. Reading from left to right, the second
column indicates the midpoint energy of each proton energy group in MeV at
the indicated thickness. The entries in the third column are the number of
Primary protons in each of the indicated energy groups. These are in
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protons/cmz for time integrated spectra or protons/cmz sec for spectra that
has not been time integrated as indicated at the top of the table. The
following two columns contain the cascade secondary protons at thickness x.
The column labeled FIRST GEN contains the first generation cascade protons
at x. The next column labeled HIGHER GEN contairs the second and higher
generation cascade protons at x. The last two columns show the same param-
eters as the previous two columns, however, these are from the last small
8x only before reaching x. At the bottom of this table is indicated the
total number of particles in the indicated columns and the rad and rem dose
respectively from these components.

Table V is read similarly to table IV only these data are for cascade
neutrons at x and from the last small 5x only. These data are also for
firet generation and second and higher generation particles as indicated.

Table VI contains the dose in rad per flare for the various radiation
components calculated., The columns are labeled to be self explanatory.

Table VII is read the same as table VI only the units are rem per
flare. If the spectrum used was in particles/cm2 sec the tables VI and

Trr

VII would be in rad/hr and rem/hr, respectively.

Table VIII contains the total integrated flux for the various particles
at the indicated print bounds. The flux of evaporation neutrons was not
calculated in this table.

Table IX contains the evaporation and cascade neutron source terms
for the various layers. The neutron source terms are in neutrons/g or
neutrons/g sec. The location at these source terms is the midpoint of
all ©®x layers.

Sample of Nuclear Interaction Data

The main source of nuclear interaction data used in ILPSC which irnclude
inelastic cross sections, secondary yields, and energy of secondaries (for
nuclei of mass numbers >12) was supplied by H. Bertini of ORNL (see ref. 4).
This data was supplied for 10 elements ranging from carbon (12) to Uranium
(238). The program developed by Bertini for estimating the secondary yields
and the energies of the secondaries does not give good statistics for nuclei
containing few nucleons. Carbon was the lowest mass number believed to give
reasonable statistics. Therefore Bertini®!s data was used for mass numbers
> carbon in this program. The data when plotted at constant energy as a
function of mass number falls on smooth curves; thus interpolation relative
to mass number may be accomplished for elements not calculated by Bertini.

The data supplied in reference 4 is voluminous and it was necessary to
select from it just the data required for LPSC. A sample of the data re-
quired for carbon appears in table X. The top set of data is for protonus
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bombarding. Column one is the energy in MeV of the incident particle. Column
two is the average yield of cascade protons per collision. Column three is
the average energy in MeV of the emitted protons. Column four is the average
number of cascade neutrons emitted per collision. Column five is the average
energy in MeV of the emitted cascade neutrons. Column six is the average
yield of evaporation neutrons per collision. Column seven is the inelastic
cross section in millibarns. The bottom set of data is for incident neutrons
bombarding.

The data was all rounded to four significant figures. No claim is made
that more than one or two are reliable. The data was plotted as a function of
incident particle energy. The values read from smooth curves drawn through
the data in table X were used on the data tape.

Nuclear Interaction Data for Hydrogen

When high energy nucleons collide with hydrogen nuclei this program (LPSC)
assumes that scattering of the incident particle occurs. It is further as-
sumed that the hydrogen nucleus is added to the beam ag an additional proton.

The data in table XI contains the secondary yields, the energies of
secondaries, and the cross sections for neutrons and protons bombarding
respectively. This table is similar to the previous table X.

Source of Data
Table XII on page 45 was included to show the source of data for proton

and neutron cross sections, proton range energy, and proton mass stopping
power.
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TABLE X. - CARBON

Yield and energy for protons bombarding

Incident | Average Average Average Average Average |Inelastic
energy yield of |energy of | yield of |energy of | yield of Cross
in MeV emitted emitted emitted emitted |evaporation| section

cascade protons cascade neutron neutrons in

protons in neutrons in per millibarns
per MeV per MeV collision
collision collision
25 0.5806 9.990 0.4153 9.382 0.02697 447.9
50 ~-.8788 18.86 .6338 17.57 .1713 348.9
100 1.177 38.09 .8039 33.02 .2788 271.6
150 1.300 57.97 . 8669 52.77 .2820 245.5
200 1.435 77.41 .8507 69.38 . 3307 232.3
250 1.499 97.23 .8900 82.57 . 3598 222.5
300 1.580 112.9 . 8864 103.0 .3249 215.4
350 1.593 132.8 . 9325 114.9 .3509 218.0
400 1.642 154.9 .9250 124 .4 . 3497 233.4
Yield and energy for neutrons bombarding

25 0.4257 9.095 0.5698 9.865 0.4466 443.8
S0 .6290 17.16 .8616 19.31 .5125 353.6
100 .7898 34.62 1.159 38.52 .5848 266.7
150 .8450 51.97 1.339 57.286 .5526 236.8
200 .9075 66.85 1.424 76.58 .5756 224 .4
250 .9157 80.08 1,493 97.46 .5800 214.9
300 .8780 102.3 1.563 115.2 .5122 215.9
350 .9038 116.0 1.556 138.2 .4932 215.7
400 9170 125.1 1.677 151.1 .5301 223.8
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TABLE XI. - HYDROGEN DATA

Yield and energy for neutrons bombarding

Ei 3 prn Ej ) 1 ycnn Ej 2 1% 2
MeV MeV MeV - mb
101 1 4.95] 1 5.05 | 930..
25 1z.6 12.4 379.
50 25.2 24.8 | 178.
100 51 49 '69.
150 77 73 45.
200 103.5 96.5 37.1
250 130 120 33.8
300 157 143 35.3
350 182 168 36.
400 | V 209 \ 4 191 35.

Yield and energy for protons bombarding

Ei, Yepp Ej) Yenp Ej; g,
MeV MeV MeV mb
10 2 S 0] 0 330
25 12.5 119
50 25 57
100 50 29.5
150 75 25.6
200 100 24
250 125 22.9
300 150 22.4
350 175 22.8
200 | V | 200 Vv \ 24
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TABLE XII. - REFERENCE TABLE FOR CROSS SECTIONS, RANGE ENERGY, AND MASS

STOPPING POWER DATA

Material Mass stopping power | Low energy neutron | High energy proton and
and range energy cross sections neutron cross sections
Hydrogen Private communica-' | Reference 9 References 9, 10
tion, C.W. Hill
Lockheed, Georgis
Beryllium No secondaries Proton attenuation by
being generated ionization only
Carbon Reference 11, 15 Reference 4
Nitrogen Reference 12 Interpolated data from
reference 4
Oxygen Reference 12, 15 Reference 4
Aluminum Reference 12 Reference 4
Titanium® Reference 12 Interpolated data from
: reference 4
Iron Reference 13, 15 Interpolated data from
reference 4
Tungsten Reference 14, 16 Reference 4
Lead Reference 14, 16 Reference 4
Uranium Reference 15 Reference 4
Water Reference 9, 12 References 4, 9, 10
Polyethylene A4 References 9, 10, | References 4, 9, 10

11

*The Lockheed range energy data was interpolated for titanium.
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DECKsLIST
CeeoeeTHE LEWIS PROTON SHIELDING CODF (LPSC)H

CeeveesPROTON INDUCED SECONDARY RADTIATION,
CeeossTHIS PROGRAM CALCULATFS THF PRIMARY PROTON, CASCACE PROTON,
Coeeee e CASCADF NEUTRONs AND FVAPORATION NFUTRON DOSES IN RAD AND REM
CeeeesFOR A BEAM OF PROTONS INCIDENT NORMAL TO A SLAB

APPENDIX A

LPSC PROGRAM LISTING

COMMON  D2X(20) s MAX s EO(300,20)
COMMON FI1(300) s DEI(300) s EIBAR(300)
COMMON 0P (300) + OPPRM(300) s NOD2X(20)
COMMON X (20) s NOX s ENTOTS(200)
COMMON DX(20) s PROPND{20) s C1

COMMON  PDSBND » NDSBND s BNDLOW
COMMON ENRG(100) s RNG(10D)
COMMON EBOMBP(2594) o FEBOMBNI(2Ss4) 5 CPSP(25,4)
COMMON CPSN(25,44) s CNSP(25,4) s CNSN(25,44)
COMMON ENSP(25,4) s ENSN(25,4) s EBOMP (25,4)
COMMON EBCMN(25s4) s EPROP(25,4) y EPRON(2544)
COMMON ENEUP(25,4) s ENEUN(2544) » ENRGP (25)
COMMON FNRGNI(78) s XSMBP(25) s XSMBN(75)
COMMON  SNRG(100) s RBFNRG(20) s CINRA(40O)Y
COMMON  C2NRG{40) s CNRG(2) sy SOFFL100)Y
COMMON RBF(20) s CONK1(40) s CONK2(40)
COMMON CONK(2) s LENGTH(8) s GMWT

COMMON LSOFE s+ LRBE s LK1

COMMON  LK2 s LK s NOFCOM
COMMON MOVE s KOSW(36) s KONSWT
EQUIVALENCE (KOSW( 1) 4sKOSW1 ) s(KOSW( 5)sKOSWS ), (KDOSW( 7),KOSW? ),
A (KOSW( 9)sKOSWO ) s (KOSW{11)sKOSW11)s(KOSW(123),KOSW23},
R (KOSWI17)yKOSWITY s (KDOSWI(21)9sKOSW2])

DIMENSION CARD(12)4NUFNBD(300),NUENRG{300)4SIGCNP(3004+2)
APHIJT(30043),EIBNDS(300) yAVGNRG{300) sNEUTXS(300)4DIST(300),
BSIGNEL (30C) 4 UCNFUT{3004,2),
CUCPRIM(300)yUCSEC(30042)sCPP(30042)4CNP(30042)4PROTS(300,45)
DesNEWTS(3004,4) s TOTALS(2Ns9)43PDOSE(20+543)3PDOSRM(204543) 4yNDOSE(2044
E)sNDOSRM(204,4) yFVNUNS(20) »EVNDRM{ 20) y ANS(3) 3CASANS(2)

DIMENSION TSP(2)sTP{3)sTDI(3)4XMID{200)+CNTOTS{20092)+sSOTEFN(200)
AsMIDNRG(30N)

REAL NUENBDyNUENRGyNEUTXSsNEWTSyNDOSE s NDOSRM 4 KOFE

REAL NDSBND, IPDRAD, IPDREM,IPFLTN

REAL MIDNRG

INTEFGFR SOFFND

INTEGER PROPND

EQUIVALENCE (PROTS(1)sPHIJI (1)) s (PROTS(901)sCPP{1))s(NEWTS(1),
ASTGCNP (1)) 9 (NFWTS(601)sCNP(1}Y)

EQUIVALENCF (ANS(1)+CPS) o (ANS{2)sCNS) s (ANS(3) 4FNS)

EQUIVALENCE (ENRGYP,CASANS(1)}s(FNRGYNsCASANS(2))

EQUIVALENCE (EO!( 1) sPDOSRMI[1)),(FO( 301),EIBNDS(1)),
(FO( 601)+AVGNRG(1}) s (ED( 9013 4NFUTXS(11)),
(FO(1201)sNUFNBD (1)) s (FO(1501)9DIST(1))
(FO(1801)sSIGNFL(1))Ys (FO(2101),UCNFUT(1Y),
(FO(2701) +SOTFEN(1)) 9 (FO(2901) 4NNOSRM(1)),
(FN{2981)sFVNDRM( 1)) s (FO(3001)UCPRIM(1)),
(FN{3301)sUCSFC(1))s (FN{2001)4NUFNRAG(1Y)Y
(ED{4201),PROTS(1)), (FO(5TN1),PDASF (1))

NN

WRITE (6,42)

FORMAT (1H1}

READ (593) NOCDS
FORMAT(12)

DO 5 M=1,NOCDS

READ (5s4) (CARNI(J) 9J=1912)
FORMAT(12A6)
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5. WRITE (654) (CARDI(J)9J=1,12)
MOVE = 1
CeeeeoKNTRP=1 CALCULATE PRIMARY PROTONS ONLY
Ceeee s KNTRP=2 CALCULATE PRIMARY PROTONS PLUS FIRST GENERATION SECONDARY

C PROTONS AND EVAPORATION NEUTRONS,
Ceeee s KNTRP=3 CALCULATE PRIMARY PROTONS PLUS ALL GENFRATIONS NF SFCONDARY
C PROTONS AND EVAPORATINON NFUTRONS,

Coeeoe s KNTRN=1 CALCULATE FIRST GENERATION CASCADF NFUTRONS
Coesee o KNTRN=2 CALCULATE ALL GENERATION CASCADE NFUTRONS AND EVAPDRATION
c NEUTRMNS,
READ (596) SPBNDsSNBNDsPDSBND ¢NDSBND »BNDLOWKNTRP 4KNTRN,SOFENO
6 FORMATI(5F6,04+314)
READ (5+6664) KNSW
6664 FORMAT(3611)
PROFTD=1,600F-8
IF (KOSW13 ,FQ, 1) PROFTD=PROFTN*3600,
Ceoeee INITIALIZE SUBROUTINES AND READ~-IN DATA TABLES,
CALL PROPTY(1,SOFEND)
Coeoeoes EVNEFDO-SUBROUTINE~ CALCULATES FVAPORATION NFEUTRON DOSF
CALL EVNFDO (14DUMMY s DUMMY ¢DUMMY , DUMMY }
WRITE (6,6665)BNDLOWsSPBND,SNBND3PDSBND ¢NDSBND
6665 FORMAT(9Xs55HENERGY CUT-NFF LEVEL FOR INITTAL INCIDENT PROTON FLUX
A =FT74245H MEV,/9XsB0OHFNFReY CUT-0FF LrFyFL FOR CALCULATING SFCONDAR
BY PARTICLES FROM INCIDFNT PROTONS =F7.,29s5H MEV,./9Xs81HENERGY CUT-D
CFF LEVEL FDR CALCULATING SECONDARY PARTICLFES FRMOM INCIDFNT NEUTRON
DS =FT74295H MFV,/9X+s56HFNFRGY cUT-O0FF LFVFL FOR PROTON DOSF DUF TO
FIONIZATION =F7,255H MEV,./9Xs52HFENERGY CcUT-0FF LEVFL FOR NFUTRON DO
FSE CALCULATIONS =F7,245H MEV,)
CeoeeeDOSEK~-SUBROUTINFE- CALCULATES MASS STOPPING POWER,RBE, AND FLUX
CesoeeTO DOSF CONVFRSION FACTOR
CoeeeseYIELDS-SUBROUTINE-CALCULATES YIFLDS OF SFCONDARY PARTICLFES FOR
Coooe s CASCADF PROTONS, CASCADE NEUTRONS, AND EVAPORATION NFUTRONS
Ceoee e RANGE-SUBROITINE-CALCULATES RANGE FROM ENFERGY OR ENERGY FROM RANGE
CooeoeeXS—SUBROUTINF-CALCULATFS PROTON AND NFUTRON CROSS-SECTIONS
CeoeeseCASNRG-SUBROUTINE-CALCULATES ENERGY OF CASCADE PARTICLES
Coeeee o INVALU-SUBROUTINE-CALCULATES INCIDENT ENERGY FROM EXIT ENERGY
CeeosoINPUT AND ALSO CALCULATES THE INPUT PRNOTAN SPECTRUM
CALL INVALU
GO TO (1157)+KNSWT
Coeooe e NONUBD — NUMBFR OF NFUTRON ENFRGY BOUNDERIES
Ceeeoe o NUENBD~ NEUTRON ENERGY BOUND
7 READ (598) NONUBDs» {NUENBD(K)yK=1,NONUBD}
8 FORMAT(I3/(7F10,0}))
9 DO 10 K=2,NONUBD
CeooeeSIGCNP (K-1,1)Y-CASCADF NEUTRONS IN GROUP K-1, FIRST GENFRATION
SIGCNP (K=-1,41)=0,0
CeoeeeSIGCNP(K=-1,2)-CASCADE NEUTRONS IN GROUP K-1, SECOND AND HIGHER
CoeooeoeGENFRATINANS
SIGCNP (K=142)=0,0
Ceesoe o NUENRG- NEUTRON ENERGY(MID-POINT OF INTERVAL)
10 NUENRG(K=1)=0.,5%(NUENBD(K)+NUENBD(K=1))
GO 10 13
11 NONUBD=MAX+]
DO 12 X=1,4,NNNUBD
12 NUENBD(K)=FT(K)
GO Y0 9
13 IPFLTD=0,
1PDRAD=0,
IPDREM=0,
D0 14 J=1,MAX
CoeooeePHIUTI(UJs1) —PRIMARY PROTONS IN ENERGY GROUP J




E-3080

48

PHIJI(Je1)= OPPRM())

CoeoeoPHIUTIJs2) ~FIRST GFNFRATION CASCADF PROTONS IN FNERGY GROUP J
PHIJUI(J92)=0,0

CoseeePHIUI(J93) ~SECOND AND HIGHER GENERATION CASCADE PROTONS IN GROUPJ
PHIJUI(J93)=0,0

Ceeee o FIBND-EXIT FNERGY BOUNDS
FIBNDS(J)Y=FI (D)

Ceoese e AVGNRG(JY-AVFRARE FENFRGY OF A GROUP
AVGNRG(JY=FIBAR(J)
IPFLTO=IPFLTO+PHIJI(J,1)

CALL DOSEK (AVGNRG(J) yDEDXsRABIFF 2}
DUMMY =PHIJT (Js1)*DFDX
IPDRAD = IPDRAD+DUMMY

14 IPDREM = IPDREM+DUMMY®RABIEF
IPDRAD = IPDRAD*PROFTD
IPDREM IPDREM®#PROFTD
GO TO (1414,83),KOSWS

1414 MAXP1=MAX+1

EIBNDS({MAXP1)=F1(MAXP])
XX=0,0

15 NOLAY=0
SUMENT=0,

CoeooeNOX- NUMBER NF LARGF DFELTA X
DO 82 M=],NOX
FEVNUDS (MY =0,0
FVNDRM (My=0n,0
1IF (M JEQ, 1) &0 TO 16
IF (PROPNO(M) .FQ, PROPND(M-1))1G0 TO 1819

16 CALL PROPTY(3,M)
17 00 1717 J=2,NONUBD
1717 CALL XS (NUFNRG(J=1) 4NFUTXS(J-1) 92)
D0 18 J=1,MAXP1
IF (FIBNDS(J) .FQe 0,0} &0 TN 1818
18 CALL RANGF (FIBNDS(J)sDIST(J)s2)
GO TD 1819
1R18 DIST(J)Y=0,0
CoesooelIMIT- NUMBFR 0OF SMALL DELTA X
1819 LIMIT=NOD2X(M)

Ceose o HAFD2X~- DFLTA X772

CoooeeD2XIM)=SMALL DFLTA X
HAFD2X=D2X{M)*%0,5

19 DO 50 N=1,LIMIT | '

CoooooeXX~-DEPTH INTO THE SHIFLD TO WHICH THF CALCULATION HAS PROGRESSED
XX2XX+D2X (M)

Coeeoes o NOLAY- NUMBER OF SMALL DFLTA X
NOLAY=NDLAY +1
XMID (NOLAY)=XX~HAFD2X
CNTOTSINAOLAY1) = 0,0
CNTOTSINDLAY2) = 0,0
SOTEEN{NOLAY)Y=0N,0

Coeoes o ENTOTS(NOLAY)~SUM OF EVAPORATION NEUTRONS PRODUCED IN D2Xx(M),

ENTOTS({NOLAY) = 0.0
DO 20 J=14MAX
c.ooooUCPRIM(J)‘UNCULLIDED PRIMARY pRUTUNS
UCPRIM(J)=0,0
DO 20 JJ=1,2
CoooeosUCSFC{J9JJI)= UNCOLLIDFD SFCONDARY PROTONS
UCSFC(J9JJI1=0,40
CeeeesCPP— CASCADE PROTONS PRODUCED
20 CPP(JyJJ)=0,40
D0 23 JJ=1,2
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DD 23 J=24NNNURD
UCNEUT (J=1,00)=0,
CoeeoessCNP(J=19JJy)~ CASCANF NFUTRONS PRODUCFN
23 CNP (J=1+JJ)=040
CoeeoeeDIST- PROTON RANGE
24 DIST(1)=DIST(1)=D2X (M)
CALL RANGE(DIST(13,FIRNDS(1),3)
CALL XSUAVGNRGUI1)sSIGNFL(1)91)
DO 27 J=2,MAXP1
DIST(JI=DIST(JY=D2X (M)
IF (DIST(JY) GT, 0.0) 0 TO 25
FIBNDS(J)=0,0
IF ((DISTIJU=-1)4DIST(J)Y GEs 0,0} GO TO 26
MIDNRG(J=1)1z0e0
GO TO 2626
25 CALL RANGE(DIST(J)EIBNDS(J)93)
26 MIDNRG(J=1)1=0.5%#(FIBNDS(JI+FIBNDS(JI-1})
2626 IF(AVGNRG(J) +LF. 1.F-5) GO TO 28
27 CALL XS (AVGNRG{J)»SIGNFL(J)1)
MIN=MAX
GO TN 29
28 MIN = -1
29 GO TO (324+30)+KNISWS
30 WRITE (6,31) (AVGNRGINN),STIGNEL {NN) NN=1 ,MIN)
31 FORMAT(1HLBXs15HCROSS—SECTIONS s /1HJ12X 46 HENFRGY13X 49HINELASTIC/
1(2X1P2E20,5))
32 DD 3838 J=1,MIN
Coeoooe s DUMMY-THIS NAME IS USED FOR SEVERAL DIFFERENT QUANTITIES IN THE
Ceooss CALCULATION OF SECONDARY PARTICLE PRODUCTINN,PARTICLFE ATTENUATION,
CeesoeesAND PARTICLE DOSE CALCULATIONS
CALL RANGE(AVGNRG(J) sDUMMY 42
IF (DUMMY ,LF, D2X(M)} GO TO 34
DEGMLT=EXP(=SIGNEL(J}*N2X(M))
UCPRIM{J)=PHIJT (Js 1 Y RDFGMLT
IF (KNTRP ,FQ. 1) G0N TN 35
DO 33 JJ=2,KNTRP
33 UCSEC(JeJI=112PHIJI(JsJJ)RDEGMLT
GO T0 35
36 UCPRIM(J)=0,0
IF (DUMMY LT, HAFD2X) GO TO 3838
CoeeoeoDEGMLT- PROTON ATTENUATION FACTOR ACRNSS DELTA x NR DELTA ¥%/2
DEGMLT=EXP(=SIANEL (J) ¥HAFD2X)
35 IF((KNTRP ,FQs 1 oANDs KNTRN FQ, 0) (OR, (AVANRG(J) (LT SPBND})
AGO TO 3838
CeooooCOLFRA~ COLLIDFED FRACTION
36 COLFRA = 1,0 - DEGMLT
DO 3738 NOM=1 ,NOFCOM
CeeooeeANS(K) = YIELDS OF SECDONDARY PARTICLES ~ K=1, CASCADE PROTON -~
C Ks2y CASCADE NFUTRON -~ K=3, EVAPORATION NFUTRON,
CALL YIELDS (AVANRG(J) 9ANS 9NOM, 2
CALL CASNRGR (AVANRG(J) 9CASANSJNDOM,2)
IF (KNTRP ,LT. 2) GO TO 3737
CoeeoeoeENRGYP~ ENERGY OF CASCADE PROTON
CoeeoeeDUMRNG- RANGE OF SECONDARY PROTON AT BIRTH
CALL RANGE (ENRGYPDUMRNG»2)
DUMRNG=DUMRNG-HAFD2X
1F (DUMRNG JLF, 0e0) GO TO 37
CALL RANGFE (DUMRNG,PROF 3}
CALL XS (FNRGYPsATXSFC,y 1)
DUMMY=COLFRA#CPS*EXP (~ATXSEC*HAFD2X)
CALL SORT (PROE SEIBNDS,MAX ,IND)
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CPP({IND»1Y=PHIJI(Jy1)%#DUMMY +CPP(IND,1}
SUM=PHTIJI (J,s1)
IF (KNTRP ,LE. 2) G0 TO 37
CPP({IND»2)=DUMMY®(PHTIJTI (Js2)4PHTJTI(Jy3)) 4CPP(INN,2)
SUM=SUM+PHTIJT (J92)4+PHTJT (U3}
37 IF ((PROPNO(M),LT+50),AND,(NOM,FQ.1)) GO TO 3738
Ceoeo o ENTOTSINOLAY)-EVAPORATION NEUTRONS PRODUCED By ALL PROTONS
ENTOTS(NOLAY) = ENTOTS(NOLAY)+COLFRA®ENS*SUM
3737 IF (KNTRN ,EQe N} GO TO 3738
CeooesFNRGYN— FNERGY OF CASCADF NFUTRON
CALL XS (ENRGYNsATXSEC,2)
ATTFN = FXP(~ATXSEC*®HAFD2X)
DUMMY = PHIJT(Js1)%COLFRA%®CNS
CALL SORT (FNRGYNsNUENBD,NONUBD-1sIND}
CNTOTS{NOLAY»1) = CNTOTS(NOLAY,1)+DUMMY
CeoeeesCNPIIND»1)-CASCADE NEUTRONS PRODUCED BY PRIMARY PROTONS
CNP(INDs1) = CNP({INDs1)+DUMMY*ATTEN
IF (KNTRN ,FQ. 1) GO TO 3738
CoeeeeeCNP(INDs2)-CASCADE NEUTRONS PRODUCED BY SECONDARY PROTONS
DUMMY = (PHTIJT(J92)+PHTJIT(Js3) ) *COLFRA#CNS
CNTOTS(NOLAY2) = CNTOTS(NOLAY,2)4+DUMMY
CNP(INDs2) = CNP{IND»2)+DUMMYXATTFEN
3738 CONTINUE
3R38 CONTINUE
IF (KNTRN FQe 0 oORe XX oFQ, D2X(1)) GO TO 43
PO 42 J=2,NONUBD
DUMMY=EXP {=NFUTXS(J=1) #D2X(M))
D0 39 JJ=1,KNTRN
29 UCNFUT(J=14JJ) =STACNP (J=14JJ)RNUMMY
IF ((KNTRN .LTC 2 oANDo KNTRP oLTo 3) QORO (NUENRG(J"I, OLTO SNBND
A)y GO TO &2
SUM=STGCNP (J=-1431)4+SIGCNP(J-1,2)
IF{SUM «FQ, 0eN) GO TO &2
COLFRA=1 4 ~DUMMY
DO 4141 NOM=1,NOFCAM
CALL YIELDS (NUFNRG(J~1),4ANS,NOM,13)
CALL CASNRG (NUFNRG(J-1)sCASANSsNOM,3)
IF (KNTRP ,LT. 3) GO TO 40
CALL RANGE (FNRGYP4DUMRNG,2)
DUMRNG=DUMRNG~HAFD2X
IF (DUMRNG LLE, 0e0) GO TO 40
CALL RANGE (DUMRNG,PROF+3)
CALL XS (FNRGYPSATXSEC,1)
DUMMY=COLFRA%*CPSHEXP (~ATXSFC*HAFN2X)
CALL SORT (PROF HFIBNDS,MAX ,IND}
CPP (IND 2 )=DUMMY%SUM +CPP(TIND,2)
40 IF (KNTRN LT, 2} 60 TN 4141
CALL XS (FNRGYNSATXSFC,y2)
DUMMY = SUMXCOLFRA®CNS
CALL SORT (ENRGYNSNUENBD,NONUBD-1,IND)
CoeooesCNP(IND92)=CASCADF NFUTRONS PRODUCED RY CASCADF NFUTRONS
CNTOTS(NOLAY,2) = CNTOTS(NOLAY,2 }4+DUMMY
CNP(INDs2) = CNP{IND,2)+DUMMYREXP (~ATXSEC*HAFD2X)
Cooeee ENTOTSINOLAY)-EVAPORATION NEUTRONS PRODUCED BY CASCADE NEUTRONS
41 ENTOTS(NOLAY) = ENTOTS(NOLAY)+COLFRA®FNS*SUM
4141 CONTINUE
42 CONTINUE
43 DO 45 J=1,MAX
PHIJUTI(Js1)=yCPRIM(])
IF (KNTRP ,FQ, 1)} GO TO 45
DO 44 JJ=2 KNTRP
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44 . PHIJI(JsJJ)=UCSEC(J9JI-114CPP (JyJJU-1})
45 AVGNRG(J)=MIDNRG (J)
IF (KNTRN ,FQ. 0) GO TO 47
N0 46 JJ=1,KNTRN
DO 46 J=2 4NANURD
46 STGCNP(J=1,JJ)=UCNFUT(J-1JJ)+CNP (J=1,4JJ)
G0 TN 48
47 IF (KNTRP ,EQ. 1) GO TO 50
48 SUMENT=SUMENT+ENTOTS{NOLAY)
CNTOTS(NOLAY 1 )y=CNTOTS(NOLAY 1) /D2X (M)
CNTOTS({NOLAY2)=CNTOTS(NOLAY.2)/D2X (M)
SOTEEN(NOLAY ) =ENTOTS(NOLAY)/D2X (M)
CALL FVNFDO (24NOLAY sM4N,DUMMY)
50 CONTINUE
DO 51 K=1,9
51 TOTALS{M,Ky=n.0
Coeaoe e SUMMATION OF PROTON PARTICLES,
52 DO 53 K=1,XNTRP
DO 83 MM=]1,MIN
TOTALS (MeK) = TOTALS(MeK)+PHIJT (MM,K)
IF (KeLTe2) GN TN 53
TOTALS(MyK42) = TOTALSIM,K+2§4CPP (MM K ~1)
§3 CONTINUE
54 IF (KNTRN ,FQ. 0} GO TO %6
Coeosess SUMMATIDN OF NFUTRON PARTICLES,
DO 55 K=1,KNTRN
DO 55 MM=2,NONUBD
TOTALS (MyK+5) = TOTALS (M,K+5)+STGCNP (MM=1,K}
58 TOTALS (MyK4+7) = TOTALS (M,K+7)+CNP(MM=1,K)
CeeeeosPROTON DOSF CALCULATIONS,
56 DO 57 KK=1,3
DO 57 X=1,5
CoeonesPDOSF(MsK4KK)~ PROTON DOSF IN RAD
PDOSE (MyK4KK) = 0,0
CoeeeosPDOSRM(M,K,KK)~PROTON DOSE IN RFM
87 PDOSRM(M,K,KK) = 0,0
DO 59 MM=1,MIN
CoeesesDFDX-MASS STOPPING POWFR OF PROTONS
CeooesRABIEF-RELATIVE BIOLOGICAL EFFECTIVENESS (RBE)
CALL DOSEK (AVGNRG{MM),DEDXsRABIEF,2)
DO 59 K=1,KNTRP
DUMMY = PROFTD#PROTS(MM,K)*DEDX
PDOSE (MyKe1) = PDOSE(MyK,1)+DUMMY
PDOSRM(M,K,41) = PDOSRM(MeK,y1) + DUMMYSRABIEF
GO TD (58,5757),K0SwW21
5787 IF (AVGNRG(MM) (LT, 10,) GO TOD s8
CeooesKOFF~ NUCLFAR NPNSE VARTARLF
CALL DOSFK (AVGNRG(MM)oKOFEsDUMMY 94 )
DUMMY = KOFF#PRNTS(MM,K)
PDOSE (MyKs2) = PDNSE(MsK2) + DUMMY
PDOSRM( My Ky 2) = PDOSRM(MsKs2) + DUMMY®RABIEF
88 IF (K.LT.2) GO TO 59
DUMMY = PROFTD#*PROTS(MM,K+2)%DFDX
PDOSE (MyK+2451) = DDOSF(M4K+241) + DUMMY
PDOSRM(MyK+2,1) = PNOSRM{M,K4+2,1) + DUMMYXRARTIFF
GO TN (59,5858 ,KOSW21
5R&R [F(AVGNRG(MM) LLTe 10,) GO TO 59
DUMMY = KOFFEPROTSIMM,K+2)
PDOSE (MyK+2,2) = PDOSF(MK+2,42) + DUMMY
PDOSRM{MsK4252) = PDOSRM(MyK+2,2) + DUMMY®RABIFF
59 CONTINUE
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GO TD (596Nn,595R) sKOSW?21
5958 DO 59%9 K=1,5
PDOSE (MyK43) = PDOSE (MeKy1) + PDOSF(MyK,2)
5959 PDOSRM{MyKs3) = PDOSRM(MeKs1) + PDOSRM(M,K,2)
Coeeoe s NEUTRON DOSF CALCULATIONS,
5960 DO 60 K=1,4
CeoeeoNDOSE(MsKK)~ DOSE AT THICKNESS X FROM CASCADE NFUTRONS IN RAD
NDOSE (MyK) = 0,0
Ceooes NDOSRM(M,KK)-DNSE AT THICKNESS X FROM CASCADF NFUTRONS IN REM
60 NDOSRM(M,K) = N,0
IF (KNTRN.EQ.,0) GO TO 6161
DO 61 K=2,NONUBD
CALL DOSEK(NUENRG{K-1),CNK1,CNK2,3)
DO 61 KK=1,XNTRN
NDOSE (MsKK) = NDOSF (MyKKI+NFWTS(K=1,KK)#*#CNK1
NDOSE (M4KK+2) = NDOSE(MoKK+2 )4+NEWTS(K—~1,KK+2 ) %CNK]
NDOSRM(MyKK) = NDOSRM{M,KK)+NFWTS(K=1,KK)*CNK?2
61 NDOSRM(MyKK+2) = NDOSRM(M,KK+2)+NEWTS(K=14KK+2)%CNK2
G0 T0 62
6161 IF (KNTRP ,FQ, 1) GO TO 6262
62 CALL FVNFDO (3 4NOLAY sMyLTIMIT,FVYNUDS(M))
FVNDRM (M) = 10,0%EVNUDS(M)
6262 GO TO (824+63)4KNSWI1
Coeees QUTPUT OF ALL DPATA,
C
CeoeeosPRIMARY AND SECONDARY PROTON
63 KNTPG = 0
ASSIGN 64 TN LIMF
64 LINEl1= KNTPG#*54+1
KNTPG = KNTPG +1
LASTLN = KNTPG*54
IF (LASTLN = MAX ) 67466465
65 LASTLN = MAYX
66 ASSIGN 69 TN LIME
67 WRITE (6,68) XX
68 FORMAT{1H146Xs21HSHIELD THICKNFSSs X =F8,2y9H GM/CMEX2/1H0O60X s 34HP
1ROTON FLUX SPECTRA--PROTONS/CM%*%2)
IF (KOSW(13) +FQs 1IWRITF (646868}
6868 FORMAT(1H+94X s4H~SFC)
WRITF (6,6869) (JsAVGNRG(J) 9 (PROTS(J4K) sK=145),J=""INF1,LASTLN}

6869 FORMAT(12X46HFNFRGY13Xs7THPRIMARY13X34H- ~ — SFCONDARY PROTONS AT
1X — = =9X,435H~ ~ ~ SFCONDARY PROTONS IN DX - -~ ~/13X,3HMEV1SX,7HPR
20TONS3X»2(11Xs10HFIRST GEN.12X311HHIGHFR GENL)/(17,0PF12,3,1P5E22,
361

GO TO LIME, (64+469,74479)
69 WRITE (6470) (TOTALS(M,K) 4yK=135)9 (PDOSE(MsK,y1)4K=n1,5)
70 FORMAT(1HJIAXy6HTOTALSOX s1P5F22,6/1HI3X 4 IHNDSF==RADEX 35F22,6)
IF (KOSW(13) +FQe 1) WRITF (6571)
71 FORMAT{1H412Xs2H/HP)
WRITE (6472) (PDOSRM(M4K,1)9K=1,5)
T2 FORMAT (4X ¢OHDOSF=—~REMEX,1P5F22,6)
IF (KDSW(13) «FQe 1) WRITF (6471}
IF (KNTRN ,FQ. n) GO TO 82
Ceoee s CASCADE NFUTRON OUTPUT,
T3 KNTPG = 0
ASSIGN 74 TN LIMF
T4 LINF1 = KNTPG*54+1
KNTPG = KNTPG + 1
LASTLN = KNTPGx54
IF (LASTLN = NONUBD+1) TT7+76,75
7% LASTLN = NONUBD-1
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| 76.ASSIGN 79 TN LIME
‘ 77 WRITE (6,47R) XX
78 FORMAT(1IHI33Xs21HSHIELD THICKNESSs X =F8,2+s9H GM/CMREX2/1HNL2X 3 G4HC
1ASCADE NEUTRON FLUX SPFCTRA—=NFUTRONS/CM%*%2)
IF (KDSW{13) .FQe 1IWRITFE(6,7878)
7878 FORMAT(1H+REX s4H~SFC)
WRITF (657879) (JsNUFNRG(J) s (INFWTS(JsK)sK=1494),J=LINF1,LASTLN)
7879 FORMAT(12X,6HENERGY11X433H~ — — CASCADF NFUTRONS AT X - = =11X,34H
A= ~ — CASCADE NFUTRONS IN DX = = =/13X43HMFV3X,2({11X,10HFIRST GEN,
B12Xs11HHIGHER GENe)/(17+0PF12,3,1P4FE22,6))
GO TO LIME, (64+69574,79)
79 WRITE (6+80) (TOTALS{MsK)sK=6,9) 9 (NDOSFIMeK) oK=144)
80 FORMAT(1HJ3X+s6HTOTALSOX s1P4E22,6/1HI3X sOHDOSF =—RADEX 94E22,6)
IF (KOSW(13): oFQs 1) WRITE (6971
WRITE (6572) (NDOSRMIM,K),K=1,4)
‘ IF (KOSW(13) oFQ, 1) WRITE (6,71}
| 82 CONTINUE
CoessesDOSF TABLFS == RAD DR RAD/HR
83 M = n
LINKNT=26/¥NSW21
KONGIB = 2#KNSW21-1
84 WRITE (6,85)
85 FORMAT(1H159Xs9HDOSF=~RAD)
IF(KOSW(13),FQ, 1) WRITE (658585)
B58S FORMAT(1H+68%,3H/HR)
WRITE (6486) (LLL,LLL=1,6)4IPDRAD,IPDRAD,IPNDRAD
86 FORMAT(77HOSHIELD PRIMARY —=SECONDARY PROTON==— —we CASCADE N
1EUTRON---EVAPORATION ,5(5HTOTALEX)/1TH THICKNESS PROTON,2{S5X,5HFIR
2S5T6Xs6HHIGHER) 45X s SOHNEUTRON SECONDARY CASCADE PROTON N
3FUTRON DOSE/9H GM/CM®*%#213%,4 (11HGENFRATION 9,11%x,6HPROTONSX 4 7HN
4EUTRON/12X96(3H (1151HI6X) 353H(2)+(3) (4)4(5)  (1)4(2)+(3)(4)+
5(5)+(6) (1)THRU(6)/8HO 0e0041PE13,44,EB8B44F22,4)
GO TO (87,90) 4KNSWS
87 M = M31
TCN = NDOSF(Ms1) + NDNSE(M,2)
TN = TCN+FVNUDS(M)
DO 88 KK=1,KNNGIB
TSP(KK) = PDOSF{Ms24KK)+PDDOSFE (M, 3,4KK)
TP(KK) = TSP(KK)+PDOSE(M,1,KK)
88 TD(KK) = TP(KK)+TN
WRITE (6989) X(M)s (PDOSE(MsKs1)sKm143),(NDOSF(M,K)oK=1,2),4,EVNUDS
T(MY 3 TSPI1Y 4 TCNGTP (1) 3TN, TNHI(1)
B9 FORMAT{1HOF7,2,2Xs1P11F11,4)
GO TD (8991,8989),KOSW21
8989 WRITE (658990) ((PDOSE(MaKsN) K=193) 3 TSPIN)3TPIN)9TDIN)4N=2,3)
8990 FORMAT(9Xs1P3F11e4sFbb b o2F22,4)
8991 IF (M GE.NOX) GO TN 90
1F (MODIMGLINKNT)) 874+84,87
CoeoeeeDOSE TABLES == REM 0OR REM/HR
90 M = 0
91 WRITE (6,92)
92 FORMAT({1H1S59X9HDOSF—=REM)
IF (KDSW13 ,FQ, 1) WRITE(6,8585)
WRITE (6486) (LLLsLLL=146)s IPDREMyIPDREM,1PDREM
GO TO (93,95) ,KOSWS
93 M = M+1
TCN = NDOSRM(M,1)+NDOSRM(M,2)
TN = TCN+EVNDRM(M)
DO 94 KK=1,KONGIB
TSP(KK) » PDOSRM(M,2,KK)+PDOSRM(M,3,4KK}
TPIRK) = TSP (KK)+PDDOSRM(M,1 9KK)
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94 TD(KK) = TP{KK)+TN
WRITE (6+89) X(M)s(PDOSRM(M,K,1),K=1,3),(NDOSRM{M,K),K=1,29),EVNDRM
T(M) 3 TSP{1)sTCNSTP (1), TNsTD(1)
GO TD (9495,96494) +KOSW21
9494 WRITE (6s8990) ((PDOSRM(MyKyN})3Kz1423)3TSPIN)sTPIN)3TDIN)4N=22,3)
9495 IF (M.GE.,NOX) &0 TO 98
IF (MOD(M,LINKNT)) 93,91,93
95 GO TO (100,96) ,KOSW17
C. eoee OFLUX TABLFS
96 WRITE (6,9696)
9696 FORMAT(1H14RX,21HFLUX~~PARTICLES/CM%%5)
IF (KDSW13 ,FO, 1)IWRITF (649697
9697 FDORMAT(1H+69Xs4H-SFC)
WRITE (6,9698) (LLL,LLL=1,5),1PFLTD
9698 FORMAT(THOSHIELDB8X s 7THPRIMARYB8X ,60H- -~ ~ SECONDARY PROTON
1 - — - CASCADE NEUTRON - - =,2(5XsSHTOTALEX)/10H THICKNESCSSX 46HPRO
2TON10Xs2(SHFIRST11Xs6HHIGHER10X ) 9 SHSECONDARY 7X s THCASCADE /9H GM/CM*
3%222X 34 (10HGENERATIDNGX ) 96HPROTONIOX s THNEUTRON/17Xs5(3H (11,1H)1
41X) 9 TH{2)14(3)9X s TH(4)+(5) /1HO3X 3 4HN ,ONIPF1R,5)
GO TN (9797+1)+KOSWS
9797 DO 98 M=1,N0OX
TSP = TOTALS{M,2)+TOTALS(M,3)
TCN = TOTALSIM46)+TOTALS(M,T)
98 WRITE (6+99) X{M) s (TOTALS(MsK)K=1,3)o{TOTALS({M,K) K=647),TSP(1),
1TCN
99 FORMAT(1HOF7,2,2Xs1P7F16,5)
100 GO TH (1,101)sKNSWL
Coeeees NEUTRAN SDURCE TERMS TABLF
101 LETA =NOLAY/?
IDXSC = (NOLAY+1)/2
WRITFE (6,102}
102 FORMAT{1H1+2(9Xs6HSHIFELD10Xs32HNEUTRON SOURCE TERM-~NEUTRONS/GMTX)
A)
IF(KOSW13 ,FQ, 1) WRITF(6,10202)
10202 FORMAT(1H+2 (57X 4H-SFC43X))
WRITE (6,10203) .
10203 FORMATI(2X92(6XsOHTHICKNESSSXs11HEVAPORATIONGX 92 7H - CASCADE
A= e =-- 1/3Xe2(6Xs10HIGM/CMEX2)121X 4 10HFIRST GEN.6Xs11HHIGHFR GEN
Be))
DO 103 K=1,LETA
NDX=IDXSC+K
103 WRITE (6+104) XMID(K)9sSOTEEN(K) s {CNTDTS(KsJ)sJ=152) o XMIDINDX) s
ASOTEFNINDX) 3 (CNTOTSI(NDX s J) 9 Jx142)
104 FORMAT(F16,3,1P3F17,5,0PF13,3,1P3F17,5)
IF(MOD(NOLAY 2} oEQe 1) WRITE(69104)XMID(LFTA+1)sSOTEEN(LETA+L),
A(CNTOTS(LETA+19J)9J=1,42)
GO TO 1
END
SIBFTC EVNFDO LIST.NFCK
SUBROUTINE FVNEDD (INDFX,LAYNO,MM,NN,DDSE)
Ceoese EVAPORATION NEUTRON DOSE CALCULATION

COMMON  D2X(20) s MAX s EN(300,20)
COMMON  FT(300) s DET(300) s FIRAR(3NDY
COMMON  OP(300) s OPPRM(300) » NOD2Xx(2n0)
COMMON  x(20) s NOX s ENTOTS(200)
COMMON  DX(20) s PROPND(20) y C1

COMMON PDSBND s NDSBND s BNDLOW
COMMDN ENRG(100) » RNG(100)
COMMON  EBOMBP(25+4) o FBOMBN(25s4) 4 CPSP(25,4)
COMMON CPSNI(2544) s CNSP(254+4) s CNSN(25,4)
COMMON ENSP(2544) s FNSN(2544) sy EBOMP (25,4)

0010
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. COMMON EBOMN(25+4) s EPROP(25,4) s EPRON(25,4)
COMMON ENEUP(25s4) s ENEUN(2544) s ENRGP (25}
COMMON ENRGN(75) s XSMBP(25) s XSMBN({75)
COMMON  SNRG(100) s RBENRG(20} s C1NRG(40)
COMMON  C2NRG(40) s CNRG(2) » SOFE(100)
COMMON  RBF(20) s CONK1(40) s CONK2(40)
COMMON  CONK{2) s LENGTH(R) s GMWT
COMMDN LSOFE s LRBE s LK1
COMMON  LK2 s LK s NOFCOM
COMMON  MOVF KOSwW(36) s KONSWT

’

EQUIVALENCFE (XKOSW(13),KO0S5W13)

DIMENSION P(20)4H(20)»BNDANG(11)9yRADANG(101,COSCON(10)sCOSRAD(10},
AS(20) s SUMGPA(10)sSUMSR(104+200) 3 SUMHRP (104200 4X(20)

INTEGER PROPNQOLWPTEST,,PDIF

REAL KSsKSR

REAL LT sKIZKLSR,K

DATA C29C34C4/0,3492+,04,422340,6984/

GO TO (1,20427),INDEX
1 READ (593) NOXsNOANGs (X(J),NOD2X(J)oPROPNO(J) 4P (J)sH(J)»S(I)sK(J),
AJ=1,NOX)
3 FORMATI(Z2T4/{F6,092T443F8,04F6,0))

WRITE (6,4)

4 FORMAT(1HO9X s81HXsMIN X oMAX NUMBER NF MATERTAL DFENSITY
A HYDROGEN REMOVAL XSECT/12XsT7TTHIGM/CM*®%2) INCREMENTS
B NUMBER (GM/CM%%3) RATIO {CMX%2 /MY Y

XMIN=0,40

DO 2 J=1,NOX
WRITE (655) XMINsX(J) oNOD2X(J) oPROPNO(J) 4P (J) sHIJ) S (I
5 FARMAT(F1542sF942e11051129F14459F12634F1544)
2 XMIN=x(J)
WRITE (6,6) NDANG
6 FORMAT(1HOBX,59HNUMBER 0OF ANGLFS IN EVAPNRATINN NFUTRNN DNSE CALCU
1LATIONS =13)
ENFTD = 5,389F-9
IF (KDSW13 ,FQs 1) FNFTD=FNFTD*3600.

MLAST = 0

LSTHYN=0

LSTHLA=0
CoeeseeDELANG- NFLTA ANGLF

DELANG = 1,5707963/FLOAT(NDANG) 0180
CoeeoooeBNDANG~ BDUNDARY ANGLES 0OF DELTA ANGLFE

BNDANG(1) = 0.0 0190
Ceoeoe o RADANG- MID-POINT OF ANGLE INTERVAL

RADANG(1) = Nnen 0200

BNDANG(2) = DFLANG 0210

CANGL1 = CNS{BNDANG(2}Y) 0220
CoeoeoeeCOSCON~ DFLTA SOLID ANALF/(4*PIFXCNSRAD)

COSCON(1)y = (1,0-CANGL1)/2,0 023n
CoeeseeCOSRAD~ COSINE NF MID-POINT ANGLE

COSRAD(1) = 1.0 0240

IF(NOANG LT, 2) GO TO 1

DO 10 J=2,NOANG 0250

BNDANG(J+1) = BNDANG(J)+DFLANG 0260

RADANG(J) = (BNDANG(JY+BNDANG({J+1)11/2,40 0270

COSRAD(J) = CNSIRADANG(UY) 0280

CANGL?2 = COS(BNDANG(J+1)) 6290

COSCON(J) = (CANGLI-CANGL2)Y/2.,0/COSRAD(JY

10 CANGL1 = CANGL2 0310
GO TO 100 0320

20 KOYNT=LAYND
M=MM
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N=NN
KM1=KOUNT-1
IF(M ,EQ, MLAST) GO TO 6
MLAST=aM
IF((M ,GTe 1) LAND, (PROPNO(M) ,£Q., PROPNO(M-1))) GO TO 6
JUMPO =1
I1F (PROPNO(M) LGT, 10M) =N TO 150
CeooeoeH{M)=RATID OF HYDROGFN IN MATERIAL M TO THAT IN WATER
CeooosP{M)= DENSITY OF MATFRIAL M IN RRAMS/CM¥Ex3
HOP=H (M) /P (M)
JUMPD =2
CoeseeSI{M)-RFMOVAL CROSS SFCTION
150 KS=K (M) *S (M)
ASSIGN 120 TO LOKSUN
IF (M .EQ. 1) GN TN 54
KK=M-1
42 IF (PROPNO(M) ,NE, PROPNO(KK)Y)Y A0 TO 45
5N IF (KK oFQ, 1):N TO 54
KK=KK-1
GO TO 42
4% PTEST= (PROPNO(M)+PROPND(KK)) /2
IFC(PTEST «GTe 100) «OR, (PTEST «LTs 50)) GO TO 54
PDIF =PROPND(M)~PROPNND({KK)
IF (PDIF) 48450452
48 LOW=LSTHYD+1
I1GH=M=-1
LAYKNT=0
IF (LSTHYD NF, 0) LAYKNT=LSTHLA
MIN=LAYKNT+1
DO 160 IN=LOWsIGH
NUMB=NND2X(IN)
D2XKS=D2X{IN)Y#K (IN)y*S (TN}
DO 160 JJ=1,4,NUMB
LKM1=LAYKNT
LAYKNT=LAYKNT+]
DO 160 NDA=1,NOANG
KSR=D2XKS/COSRAD(INDA)
SUMSR(NOA,LAYKNT)=SUMSR(NDA,LAYKNT)—0,5%KSR
IF(LAYKNT ,FQe. MIN) GN TN 153
DO 151 LN=MIN,LKM]
151 SUMSR(NOA,LN)=SUMSR{NNA,LD)~-KSR
153 IF(LSTHYD ,FQ, N)Y GO TO 152
DO 154 LN=1,LSTHLA
154 SUMSRI(NOA,LD)=SUMSR(NOA,LDN)=KSR
152 SUM=HIUIN) /P(IN)*(0,54+FLOATINOD2X(IN)~JJ) ¥ *
AD2X(IN)/CDSRAD(NOA)
INP1=IN+]
DO 155 KA=INP1,M
155 SUM=SUM+H(KA) /P (KAY#DX (KA /COSRAD(NMAY
157 LI=0,5+StM/15,
IF(LI QGTQ 100) LI"I.Q
KLSR=KSR*L T /K (TN)
SUMSR(NDOASLAYKNT)=SUMSR (NOASLAYKNT)+0 4 5*KLSR
IF (LAYKNT ,LF, 1) G0 TO 180
DO 159 LfO=1,LKM]
159 SUMSR(NOASLD)=SUMSR(NNALLDY+KLSR
160 CONTINNE
LSTHLA=KOUNT -1
IF(K(M) +FO, 1,)G0 TN 54
ASSIGN 130 T0O LNKSUN
GO TO 60
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52.LI=K(M)
G0 TN 60
54 |LI1= 1le0
60 DO 40 J=1,NDANG
CeaeoeeRI~ SLANT PATH LENGTH ACROSS DFLTA Y
RI=D2X(M)/CNSRAD(J)
KSR=KS#*#R1?
SUMSR(JsKOUNT}=KSR%0,5
IF (KNUNT .F0. 1) GN TN 174
IF(PROPNDO(M) JLTe 50) GO TO 129
LSTP1=LSTHLA+1
IF(LSTPl ,GT, KM1) A0 TO 120
DO 2525 KO=LSTP1.KM1
2625 SUMSRI(JsKD)=CSUMSR (J4KN)+KSR
IF(LSTHLA ,FQ. 0) <0 TO 174
129 GD TO LOKSUN,(1205130)
12n SUM=HOP* (0 ,5+FLOATINOD2X (M)=N) ) ¥R
67 LI=0.,5 +SUM/15,
IF (L1 eGTy 1aN) LI=l N
120 KLSR=LI*KSR/K (M)
DO 25 KO=1,LSTHLA
25 SUMSR (JeKD)=SUMSR (J+KD)4+KLSR
174 GO T0 (190,175) yJUMPD
175 HRP=HOP#*R1]
SUMHRP ( JsKOUNT ) =HRP*0,5
IF(KOUNT .FQ. 1) GN TN &4
DD 177 KO=1,KM]
177 SUMHRP (JoXD)=SUMHRP ( J4KD)+HRP
GO TN 40
190 SUMHRP (J,KOUNT) =0,0
40 CONTINUE
IF(PROPND (M) LTe 50) LSTHLA=KNUNT
IF({ (PROPND(M) GTe 100) (0ORe (N oNF, NOD2X(M))) GO TO 100
LSTHYD=M
GO TO 10n
27 DOSE = O,
KOUNT=LAYNN
M=MM
LSTP1=LSTHLA+1
DD 28 J=1,NOANG
SUMA=0,0
SUMB=0,0
IFILSTHLA ,FQ. 0)Y GO TN 3n
DO 29 xO0=1,LSTHLA
IF (SUMHRP({J,KN) oL Te 2.) GO TO 202
TERMA = SUMHRP (J,KD)*%#C2*EXP (-C3*SYMHRP (J,KD) %%C4)
GO TO 200
202 TERMA = 772 - ,065%SUMHRP({J,X0)
200 TERMB = FXP({-SUMSR(J,KD))
29 SUMA=SUMA+TFRMAXTFRMB*FNTOTS(KN)
SUMA=SUMAXCNSCNAN(J)
IF (LSTHLA ,FQ, KDUNT) 6N TO 32
30 DO 31 KO=LSTP1,KOUNT
TERMB = (T72%FXP(~SUMSR(J,KD})
31 SUMB=SUMB+TERMB#ENTDTS(KN)
SUMB=SUMB®*COSCONI(J)
32 CONTINUE
28 DOSF = DOSF +FNFTD#*(SUMA+SUMB)
100 RETURN
END

$IBFTC XS LISTsDFCK

n650
neén
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SUBROUTINF XS(F+XSECTsINNFX)

CoeeseeCROSS-SECTION CALCULATIONS,

c

108

30
31

a3
109
1nn

5n

51
52
54
110
56

57

INPUT CRDSS-SECTION DATA IN MILLI-BARNS,

COMMNN  D2X(20) s MAX s FN(3NN,20)
COMMON  F1(300) s DEI(300) s FIBAR(3NN)
COMMON OP(3n0) s OPPRM(300) s NOD2x(20M)
COMMON X (20} s NOX » ENTOTS1200)
COMMON DX(20) s PROPND(20)} sy C1

COMMON PDSBND s NDSBND s BNDLOW
COMMON ENRG(100) s RNG(10N)
COMMON FBOMBP(25,4) o FROMBN(25,4) o CPSP({25,4)
COMMON CPSN(25,4) s CNSP(25,44) s CNSN(28,44)
COMMON  FNSP(25,4) s ENSN(2544) s FRBOMP (28,4)
COMMON FBOMN(2544) s EPROP(2%,4) sy EPRON(25+4)
COMMON ENEUP(25,44) s ENEUN(25,&) s ENRGP(25)
COMMON ENRGNI(7S5) s XSMBP(25) » XSMBN(75)
COMMON SNRG(100) s RBENRG(20) s CINRG(40)
COMMON  C2NRG(40) s CNRG(2) s SOFF(100)
COMMON  RBE(20) s CONK1(&0) s CONK2(&n)
COMMON  CONK (2) s LFNGTH(8) s GMWT

COMMON  LSOFF s LRBE s LK1

COMMON  LK?2 s LK s NOFCOM

COMMON MOVE s KOSW(36) s KONSWT
DIMENSION ENFRGY(1INO),DATAL100),CONSTI2)
FQUIVALENCE (ENFRGY(1)sENRGP (1)) (DATA{1)sXSMBRP(1})
IND=INDEX

IF (IND L Te 3) GO TN 50

RATIO= 6,0231F-4/GMWT

DN 100 J=1,2

MX = 25%(J-1)4+LFENGTH(J+5)
CONST(J)=DATA(MX )*RATID

KONSWT = KOSW(J+25)

GO TO (100,108),KONSWT

MNz 25%(J-1)+1

DO 1n9 K=MN,MX

IF (FNFRGY(K) oNEes 0.0} GO TO 30

FNERGY (K)=1,F-1N

GO TN 31

ENERGY (K)Y=ALOGIN(ENFRGY (K))

IF(DATA(K) (NF, 0.0) GO T0 33

DATA(K)=2 1,E-1N

GO T0 109

DATA(KY=ALOGIO(DATA(K))

CONTINUE

CONTINUE

GD TN 75

EE=F

MX = 25%( IND-13}+LENGTH({IND+5)

KONSWT = KOSW(IND+285)

GO TD (524+51) sKNANSWT

EE=ALNGIO(EE)

IF{ EF +L.T, FNFRGY(MX 3}) =0 TD 54
XSFCT=CONST(INND)

GD TOD 7%

GO TOD (56,55)IND

IF(FE-FNRGNI(1)) 11045120456

XSECT=0e0

GO 10 75

MN= 26%(IND=-1)+1

CALL LAGRNGI(FF,CROSSsFNFRGY(MN) 4 DATA(MN) JLFNATHIIND+5),2)
GD TN (5995R) sKNNSWT



59

58 - CRNSS=10,**#CROSS
59 XSECT=CROSS*RATIN
75 RETURN
120 CRDSS=XSMBN(1)
GO TN 57
FND
$IBFTC DNSFK LIST¢DFCK
SUBROUTINF DOSFK (F,VARB1 sVARB2,INDEX)
CeeeeeTHIS SUBROUTINF CALCULATES (DE/DX)=SOFF,RBF,NFUTRON FLUX TO DOSE
Coeoee s CONVFRSION FACTORS
Ceeses VARRI- DUMMY VARIARLF
CoeeessVARR2- DUMMY VARIABLF

E-3080

COMMON - D2X(20) s MAX s FO{300,20)
COMMON  FI(3D0) s NDFIL300)Y s FIRAR(200)
COMMON  OP(300) s NPPRM(2NN) s NOD2X(2n)
COMMON  x(20) s NOX s ENTOTS(200)
COMMON DX (20) s PROPNO(20) s C1

COMMON PDSBND s NDSBND s BNDLOW
COMMON ENRG(100) s RNG(100)
COMMON  EBOMBP(25+4) » FBOMBN(25+4) 5 CPSP(25,4)
COMMON  CPSN(25,4) s CNSP(25,4) s CNSN(2%,4)
COMMON  FNSP(25,44) s FNSNI(25,4) s FRBOMP (25,4)
COMMON  FBOMN(2644) s FPROP(25,4) s FPRON(25,4)
COMMON  FNFUP(2554) s FNFUN(25,4) sy FNRGP(2%)
COMMON  ENRGN(75) s XSMBP(25) s XSMBN(75)
COMMON  SNRG(100) s RBFENRG(20) s CINRG(40)
COMMON  C2NRG(4D) + CNRGI12) s SOFE(100)
COMMON RBF(20) s CONK1(40) s CONX2(40)
COMMON  CONK(2) s LENGTH(8) s GMwWT
COMMON  LSOFF s LRBE s LK1

COMMON  LK?2 s LK s NOFCOM
COMMON MOVE KOSW(36) s KONSWT

DIMENSION NDENTS‘S)'ENFRGY(ZOZ)’TABLF(?OZ)’MAXVLU(S),VARB(S)’

AEBND(2)sMINS(5)
DATA (MINS(J)9J=1951/1+101+121+161+201/

EQUIVALENCE (SNRG(1)sFNFRCY (1114 (SOFF(1),TABLF(1)) s (NOFNTS(1),

ALSOFE) , (EBND{1)4PDSBND)

REAL MAXVLU s NDSBND
IF (INDEX.GT,1y GO TO 10
DO 10 J=1,8%

MX=MINS(J)+NOENTS(J) -1
MAXVLU(J) = TABLE(MX )
KONSWT = KOSW(J+31)
GO TO (104+8) 4KONSWT
8 MIN=MINS(J)
DO 9 K=MIN,MX
IF (ENERGY(K) (NEe Ne0) GN TO 30
ENERGY(K)= 1,E=10
GO TO 31
30 ENFRGY(K)=ALOG10(ENFRAGY (KY)
31 IF (TABLE(K) .NF. 0,0) GN TO 33
TABLE(K)=1,F=10
GO T0 9
33 TABLE (K)=ALNGIO(TARLF(K})
9 CONTINUE
10 CONTINUE
GO TO 300
100 IF (INDEX.GTe3) GO TO 35
INDM1 = INDEX-1
150 IF (EL.GT.EBND(INDM1)) GO TN 154
152 VARBl=0ef
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SIRFTC RANGF

c

154

404

401
402
160
155

4013
4nn

300
350

1n

n
12

60

VARB2=0e0

GO TN 300

MX = 2%INDM]

MIN = MX -1

DO 400 J=MIN,MX

EE = F
LIM=MINS(J)+NOENTS(J)~1]
KONSWT = KOSW(J+31)

GO TN (402,401)4KONCWT
EE = ALOG1O(FF)

1F (EE~-ENFRGY(LIM)) 15541604160
VARB(J) = MAXVLU(JY

GO TN 400

LIM=MINS(J)

CALL LAGRNG (EF,VARB(J)ENERGY(LIM) ,TABLE(LIM) ,NOENTS(J),42)

GO TN (400,403) 4KONSUT
VARRB(J) = 10,%#%VARB(J)
CONTINUE

VARB1 = VARB(MIN)

VARB2 = VARB(MX )

RETURN

MIN = §

MX = 5

GO 7O 404

END

LISTenFCK
SUBROUTINE RANGE (XsY,INDFX)
RANGE-ENFRGY CALCULATIONS

COMMON  D2X(20) s MAX

COMMON F1(300) s DEI(300)
COMMON 0P (300) s OPPRM(300)
COMMON X (20) s NOX

COMMON DX (20) » PROPNN(20)
COMMON PDSBND » NDSBND
COMMON FNRG(100)
COMMON EBOMBP(25s4) o EBOMBN(25+4)
COMMON CPSN(2544) s CNSP(25,4)
COMMON  ENSP(25,4) s FNSN(2544)
COMMON EBOMN(25+4) s FPROP(25,44)
COMMON FENFEUP(2544) s FNFUNI(2544)
COMMDON  ENRGNI(7S5) s XSMBP(25)
COMMON  SNRG(1nn0) s RBENRG(20)
COMMON  C2NRGI(40) » CNRG(2)
COMMON RBE{(20) » CONK1(40)
COMMON CONK(2) s LENGTH(8)
COMMON  LSOFE » LRBE
COMMON  LK?2 s LK

COMMON MOVF s KNSWI(36)
FOUTIVALENCFE (KNSW(25),K0SW25)
DIMENSIDN CON(2)Y

IF (INDEX ,ATe 1) GO TO 20
CON(1)=ENRG(1)

CON{2)=RNG (1)

L1=LENGTH(1)

GO TO (50,10) yK¥NSW25

DO 12 1=1,L1

IFIENRG(IY (NF, 0.0) &N TN 11
ENRGIIY = 1,F-1nN

Gn TN 12
FNRG(1)=ALOGI0(FNRG(TY)

IF (RNG(T) (NE, 0en) 0 7O 14

® W W W O e e e P GGV O P e e e Ve

ED(300,420)
FIBAR({3ND)
NOD2x (27)
FNTOTS(200)
@]

BNDLNW
RNG(100)
CPSP(2544)
CNSN(2544)
EBOMP (25,44)
FEPRON(25,4)
FNRGP (D&}
XSMBN (75 )
CINRG(4N)
SOFE(100)
CONK2(40)
GMWT

LK1

NOFCOM
KONSWT

0010
0o2n
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14
13

20

25
26
27
28

29
3n
31
50

61

RNG(T) = 1,E-1nN

G0 TN 13

RNG(Ty= ALDG1O0(RNGI(11)

CONTINUE

G0 TD 50

xXxX=X

IM1=INDEX-1

IF{XX +GFs CON(IM1)) G0 70 25
Y=0,0

GO TN 50

GO TN (27,26),KNSW25

XX=ALOG10 (XX)

GO TN (28429) 1M1

CALL LAGRNG 1XX,YsFNRGIRNG,L1,42)
GO 710 30

CALL LAGRNG (XXsYsRNG,4FNRG,L1,2)
GO TN (50,431),KNSW25

Y=10,%%Y

RETURN

END

$IBFTC SORT LISTDFCK

1in
12

14
15

SUBROUTINE SNRT (ELFRNGIMAXX, 1)
DIMENSION ERNG(300)

DO 148 J=14MAXX

IFIFRNG(JY=F) 14,12,1"7
CONTINUE

1=J

GO TO 15

I=J-1

RETURN

END

SIBFTC YIFLDS LISTenFCK

CeoeeeCALCHLATION OF YIELDS AS A FUNCTION OF ENERGY OF BOMBARDING

C
C

CosoeeCPSIT)-CASCADE PROTONS, CNS(I)-CASCADF NFUTRONS, ENS(I)-EVAPORATION

A

SUBRAOUTINF YIELDS(FFsANS,NOC, INDFX)

PARTICLE,

COMMON  D2X(20) s MAX FO(300,420)
COMMON  ET1(300) s DEI(300) EIBAR(300)
COMMON 0OP(300) s OPPRM(300) NOD2Xx (20)
COMMON X (20) s NOX ENTOTS(200)
COMMON  DXxt(20) s PROPNN(20) Q1

COMMON PDSBND s NDSBND BNDLNW
COMMNN FNRG(100) RNG(100)

COMMON EBOMBP (2544) FBOMBN(25+4)

’

’

’

’

’

’

’

’ s CPSP(25,4)

COMMON CPSN(25,44) s CNSP(285,4) s CNSN(25,4)
COMMON ENSP(2544) s FENSN(2544) s EBOMP(25,4)
COMMON FBOMN(2544) s FPROP(2S,4) s EPRON(25,4)
COMMON ENEUP(25+4) ‘s FNFUN(25,4) s ENRGP(28)
COMMON ENRGN(7%) s XSMBP(25) s XSMBN (75}
COMMON SNRG(100) » RBFNRAG(20) s CINRG(4D)
COMMON C2NRG(40) » CNRGI(2) s SOFF(100)
COMMON RBE(20) s CONK1(&D) s CONK2(4n)
COMMON CONK(2) s LENGTH(R) s GMWT
COMMON LSOFE s LRBE s LK1
COMMON LK2 s LK s+ NOFCOM
CDMMON MOVFE KOSW{36) RONSWT

DIMENSION ANS(B)'EBHMB(ZOO)yCPQ(ZOO).(N%(ZOO)yFNQCZOO)
FQUIVALENCFE (FROMB(1)sFBOMBP(191))s(CPS(1}1sCPSP(1,41)),
{CNSLL1YsCNSP(1+1)) s (FNSI1),ENSP(1,1))

Ceeee o NEUTRONS

nnen
(alokdo)
nns8n
0no9n
n1nn
0110
0126
0130
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IF (INDEX ,GT, 1) GO0 TO 100
DO 321 K=1,2
KONSWT = KOSW(K+27)
GO TO (321,40) yKONSWT
40 DO 320 L=1,NDFCNM
MN=100#(K~1)4256%({L~1)+1
MX=MN+LENGTH(K+1) -1
DO 320 I=MN,MX
IF (EBNAMB(1) JNFe 0,0) GO TO 1
EBOMB(1) = 1.E-10
G0N TN 2
1 EBOMB(1) = ALOGI0O{(FROMR(T))
2 IF (CPS(T) NF, NeN) G0 TO 3
CPS(IY =2 1,F=1n
GO TN &
3 CPS(1)y=ALDNG10(CPSIT))
4 TF (CNS{1) 4NE. 0.0) G TO 5
CNS(1) = 1.€-10
GO TN 6
5 CNS{Iy= ALNGIO(CNS(T1)Y)Y
6 IF (FNS(T) JNF, 00y N TN 7
ENS(1) = 1,F=1n
60 TN 320
T ENS{I) = ALNGIN(FNSI(TY)
320 CONTINUE
321 CONTINUE
GO TN 20n
1NN F=FF
KONSWT = KNSW(INDEX+26)
GO TN (1044102 4KONSWT
102 F=ALOG1O(F)
104 MN=100®%{ INDFX—2)+25% (NNC-1)+1
CALL LAGRNGI(EJANS(1),FBOMB(MNY ,CPS(MN) LENGTH(INDFX)42)
CALL LAGRNG(F,ANS(2),FBOMB(MN) s CNS(MN) 4LENGTH(TNDEX) 42)
CALL LAGRNG(FsANS(3)4FROMB(MN) 4FNS(MN) JLFNATH(TINDFX) 42)
GO TN (200,108) 4KONSWT
108 DO 110 J=1,3
11N ANS(JS)=10,%%ANS(J)
200 RFTURN
END
SIBFTC CASNRG LISTHnFCK
SUBROUTINFE CASNRG(FFyANSNOC, INDFX) .
CoeeeeCALCULATFES ENFRGY OF CASCADF PROTONS AND NFUTRONS AS A FUNCTION
CoeosseedF THF ENFRAY OF THF ROMRARDING PARTICLF,
COMMNN  D2X(20) s MAX FR(3N00,20)

-

COMMON  FTI(30N) s DFT(300) FIBAR(3N0)
COMMON  0OP({300) s OPPRM(300) NBD2ZXx t20)
COMMON  X(20) s NOX FNTOTS(200)
COMMON  DXt20) s PROPND(20) 1

COMMON PDSBND s NDSBND BNDLOwW
COMMON ENRG(100) RNG(10N})

COMMON FBOMBP(25+4)

’

b4

’

’

’

’

s FROMBN(25,4) o, CPSP{25,4)

COMMON  CPSN(25+4) s CNSP(25,4) s CNSN(25,4)
COMMON  ENSP(2544) s ENSN(25,4) s FBOMP (25,4)
COMMON EBOMN(25,4) s EPROP{25,4) s EPRON(25,4)
COMMON ENEUP (254 4) s FNEUN(25,4) s FNRGP(25)
COMMON  FNRGN(75) s XSMBP({25) s XSMBN(T75)
COMMON  SNRG(100) s RBENRG(20) s CINRG(40)
COMMON  C2NRG(4N) s CNRG(2) s SOFF(100)
COMMON RBF(20) s CONK1({49) s CONK2(40)
COMMON  CONK(2) » LFNGTH(R) s AMWT
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COMMDN  LSNFE s LRBE s LK1
COMMON  LK? sy LK s NOFCOM
COMMON  MOVE s KOSW(36) s KONSWT

DIMENSTION ANS(2)+EBOMR(200),FPRO(200) 4FNFUIL200)
FQUIVALENCE (EBOMB(1) 4,FBOMP(1,1)),(EPRO(1),FPROP(1,1)1),
A (FNFU(1)sFNFUP(1,1))
CeoseesFBOMB— ENERGY NF BNMBARDING PAPTICLFE
CeeseesEPRO- SECONDARY PROTON ENERGY
CoeooeesENFU- SECONDARY NEUTRON FNERGY
IF (INDEX .GT. 1) GO TO 200
DO 121 K=1,2
KONSWT = KNOSW(K+29)
GO TN (121,110),KONSWT
110 DD 120 L=1,NOFCOM
MN=1n0%(K-1)4+26%(L-1)+1
MX=MN+LENGTH(K+3)~-1
DO 120 J=MM,MX
IF(EBOMB(J)Y +NF, 0,0) 0 TO 1
EBOMB(J) = 1,€-10
GO 10O 2
1 EBOMB(JU)=ALNGIN(FBNMB(J))
2 IF(FPRAO(J) «NE, OeN) GN TN 3
EPRO(J) = 1,F=-1N
GO 0 &
3 EPRO(JI=ALOGIO(FPRNO(JYY
4 IF(ENFU(LJ) «NE, 0.0} GO TO 5
ENEUlJ) = 1,E-10
GO TO 120
& ENEUCJYI=ALNGIOIFNFULIY)
120 CONTINUE
121 CONTINUE
GO TN 300
200 F=FF
KONSWT = KDSW(INDEX+28)
GO TO (204,202) KONSWT
202 E=ALDG1O(F)
204 MN=100%#(INDFX=2)428#{NNC=1)+1
CALL LAGRNG(FsANS{1),FROMR(MN) sFPRO(MN) JLFNGTH(TINDEX+2),42)
CALL LAGRNAG(FoANS(2) oFROMRIMNY s FNFUIMNY JLFNATHITINDEYX42),2)
GO TO (200,2n6) KONSWT
206 ANS(1)1=10,0#%ANS(]1)
ANS(2)=10,N*%ANS(2)
3nn RETURN
END
$IBFTC LAGRNG L1ISTDFCK
SUBROUTINE LAGRNG (XXsYYsXTABsYTABSLIMIT,RANK)
Ceoeses INTFRPOLATION SUBROUTINE BASFD ON LAGRANGE-S FUNDAMENTAL FORMULA
C FOR INTERPOLATION
DIMENSION XTAB(LIMIT)»YTABILIMIT)DIFSI(15)
INTEGER ORDERJHALF 4,O0RDM1 ,RANK
X=XX
MAXNO=LIMIT
ARDER=RANK
D0 10 INDFX=10,MAXND,1N
IF (INDEX ,GF. MAXNN) GO TN 1%
IF (X = XTAR{INDEX)) 15,85,1n
10 CONTINUE
1% J=INDEX-9
DO 25 INDEX=JsMAXND
1IF tX-XTAR(INDFX)) 28,455,25
2% CONTINUE
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33

37
39

42

44

45
50

52
55

SIBFT

HALF=0RDFR /2
ORDM1=0RDER-1
IF (INDEX
MIN=1

GO TO 39
IF (INDEX
MIN=MAXND-DRDM1
GO T0 39
MIN=INDEX-HALF
MAX=MIN+(ORDM1
MINM1=MIN-1

DO 42 J=1,0RDER

INDEX=MINM1+J
DIFS{J)= X-XTAR(INDFX}
Y=0.0

DO S50 J=MIN,MAX
TERM= YTAB(J)

64

«GTe HALF+1) GO T0O 33

oL Te MAXND-HALF+1) GO TO 37

TERM = TFRMXDIFS{MARK)/{XTAB{J)-XTAB{INDFX))

DD 45 INDEX = MIN,MAX
IF (J .EQe INDEX) GO TO 45
MARK= TNDEX~MINM]
CONTINUE

Y=Y+TERM

YY=Y

RETURN

YY=YTAB(INDFX)

G0 TN 52

END
C PROPTY LIST,DFCK

SUBROUTINE PROPTY

(INDFX,LAYER)

CoeseeeTHIS SUBROUTINE TRANSFFRS THE MATERIAL PROPERTY DATA FROM TAPE 3

[aXaNaRaXal

TO0 TAPE &4(0OR DISC STORAGF) FOR LATER 11SE,

THE TABLES OF FLux 7O

DOSE CONVERSION FACTORS ARE TRANSMITTFD FROM TAPE 3 TN CNARF

STORAGE .

AT THE APPROPRIATE TIME THE PROPFRTY DATA FOR THE CHOSEN

MATERIAL IS TRANSFERRED FROM TAPE 4(NR DISC STORAGE) TO CORE AND
THI< PROPFRTY DATA ARF INITIALIZED,

ANY SUBROUTINES USING

COMMON  D2X(20)
COMMON  EI1(300)
COMMON  OP(300)
COMMON X (20)
COMMON  Dx(2n)
COMMON PDSBND
COMMDN

COMMON EBOMBP (25+4)
COMMON CPSN(2544)
COMMON ENSP (2844}
COMMON  EBOMN(2844)
COMMON FNFUP(2544)
COMMON FNRGN(75)
COMMON  SNRG(100)
COMMON C2NRG(40)
COMMON RBF(20)
COMMON CONK(2)
COMMON LSOFE
COMMON  LK2

COMMON  MOVF

-

- o ¢ @

® ® O * W @ 9 * B v ¢ 9

1]

MAX

DET (300}
NPPRM(300)
Mnx
PROPNN(20)
NDSBND
ENRG(100)
EBOMBN(2544)
CNSP(25%54+4)
ENSN{25+4)
EPROP(25,4)
FNEUN(25+4)
XEMBP (25)
RBENRG(20)
CNRG(2)
CONK1(40)
LENGTH(8)
LRBE

LK

KOsw(36)

FOQUIVALENCF (KNSW(13),K0SW13)
EQUIVALENCF (LFNGTH(1)sL1) o (LFNATH(2)9L2) s (LFNATH(3)4L3) s (LFNGTH
At4)sLa) s (LENGTHIS) oLB) o (LENGTH(8) 9L6) o (LENGTHIT)4L7) o (LFNGTH(8)

BLS)
FQUIVALENCF

* W W O W W ¢ O ® P Ve ¢ ¢ v O ¢ v ¢

FO(300,20)
ETBAR(3N0)
NOD2X (20)
ENTOTS(200)
1

BNDLOW
RNG(100)
CPSP(25+4)
CNSN( 25 44)
EBOMP (25,4)
EPRON(2544)
ENRGP (28)
XSMBN(75)
CINRG (40)
SAFE(100)
CONK2 (40}
GMWT

LK1

NOFCOM
KONSWT

{LENTH(1) 4LK1) o (FTDCON(1),CONK1(1))
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210
200

12
14
16

20

100

110

1n3
10%

65

‘DIMENSION LENTH{3),FTDCON(40,42)

INTEGER PROPNO

L=LAYER

IF (INDEX 6T, 1) <0 7O 190

REWIND 4

LASTNO=0

ISAVE=1

READ (3) NOMAT]

DD 10 N=1,NNMMAT]

READ (3) NOJNOFCOM,GMWT 3L 14024039l 43L 84169174 (ENRGIJI)4RNGI(JI) 4U=1,
AL1) s {{FBOMP (JsKysEPROP(J 4Ky s FNFUP (JsK ) yJ=1,4sL2),K=1,NOFCOM) 4 ( ( FROMN
B{JsK) s EPRON(JsK) sENEUN(J4K) 9 J=1,L3),K=1,NOFCOM), ( (EBOMEP(J,K},CPSP
ClJIsK) sCNSP(JsK) 9ENSP{JsK) 9J=19L4) sK=14NOFCOM) o { (EBOMBN(J4X) 9 CPSNI
DJsK)sCNSNIJ9K) oENSNIJsK) s Jx1 9L 5)9K=14NOFCOM) s (EFNRGP(J) s XSMBP (J) s J=
F1lsL&)s (ENRGN(J) s XSMBNI(J) yJ=1,L7)

WRITE(4) NDOSNOFCOMGMWT oL 19L 2L 39L4sL543LEsLT74 (FNRGIJ)JRNG(J)9J=1,
AL1) s ({FBOMP (UK )+ EPROP(J4K) o ENFUP (J 9K ) 4J=1,4L2) 4K=1,NOFCOMY , ( { FROMN
BlJoK)sFPRON(J2K Y sENFUN(J9K) 9 J=1,L3),K=1,NOFCOM), ( (FBOMBP (J,K}),CPSP
ClJsK) sCNSP(JsK) yENSP{J,K) yJ=1,4L4) 4K=14NOFCOM) 4 { (FBOMRN(J,K) s CPSN{(
DJsK) s CNSN(J oK) oENSN(J4K) 4 J=1,40L5)9K=14NBFCOM), (ENRGP(J) 4 XSMBP (J) yJ=
E1sL6) s (ENRGN(J) ¢ XSMBN(J) J=1,LT)

REWIND &

READ (3) LRBEILKISLK24LK,(RBENRG(J)sRBF(J) 9Je14LRAF), (CINRG(J),
1CONK1(J) 9 Jz1eLK1) s (CONRG(J) s CONK2(J) 3 0=1,LK2) 3 {CNRG{J)CONK (J)
2J=1,LK)

1F (KNSW13 ,FOQ, 2) GN TN 200

DO 210 J=1,2

LIMT=LENTH(J)

DD 210 K=1,LIMT

FTDCON(K,J)y=FTNCON(K,J) %3600,

READ (3) NOMAT?2

DO 12 N=1,NNMAT?2

READ (3) NOJLSOFE»(SNRA(J)$SOFE(J) 9 J=1,LSOFF)

IF (NO «EQ., L ) GO TO 2@

CONTINUE

WRITE (64514) L

FORMAT(1HNRX ,58HDATA TAPE DDES NOT CONTAIN DE/DX TABLE FOR MATERIA
1L NUMBERT4)

REWIND 3

sSTOP

REWIND 3

CALL DOSFK (DUMMY,,DUMMY ,DUMMY,1)

RETURN

IF(PROPNO(L) +GTe LASTND) 60 TO 108

MAVG=({PROPND(LI4+LASTND) /2

IF(MAVG GT, 100) A0 TO 110

REWIND &

1SAVE=1

GD TO 108

KOUNT=LASTNO-PROPND (L)

ISAVE=1SAVF=KOUNT

KOUNT=KDUNT+1

DO 103 LL=),XOUNT

BACKSPACE &

DD 120 NN=ISAVE,NOMAT]

READ (4) NOJNOFCOM,GMWTL1,L2,L3,L&4,LB,LE6,L 7, (ENRG(J)RNG(J)4J=1,
AL1) o ((EBOMP (JsK) +EPROP (J oK) s ENFUP (J9sK) 9 J=1 4L 2) oK=1 s NOFCOM) , { (EBOMN
B(JsK) sEPRON(JI9K) s ENFUN(J9K) 9 J=1,L3) 4K=1NOFCOM) , ( (FBOMBP(J,K),CPSP
ClJ 9K s CNSP(JsK) oENSP{J4K) 9J=1,L4) 9K=]1 ,NOFCOM) 4 ( (FBOMBN(J,K) 4 CPSN{(
DJ oK) sCNSN(JsK) 9sFENSNIJI9K) 3 =1 9L 5)sK=14NOFCOMY s (ENRGP (J) s XSMBP (J) 9 J=
ElslL6)s (ENRGN(J) s XSMBN(J) s J=1,4L7}



66

IF(PROPND (L)
120 CONTINUE
WRITE (6,4) PROPNO(L)
4 FORMAT(1HOBX »51HPROGRAM CANNOT FIND DATA TABLES FOR MATERIAL NUMBE

+EQ. NO) GO TD 150

_ 1R14)
‘ sTOP
| 150 LASTNO =PROPNO(L)
* ISAVE=NN
1 . CALL RANGE (DUMMY,DUMMY,1)
‘ IF (INDEX .LTe 3) GO TO 151
: IF (KOSW13 .EQ, 1) C1=C1%3600,

CALL XS (DUMMY,DUMMY,2)
CALL YIELDS (DUMMYDUMMY NOFCOM,1)
CALL CASNRG (DUMMY ,DUMMY (NOFCOM,1)
RETURN
END
S$IBFTC FLUXFQ LISTeNFCK
SUBROUTINE FLUXEQ (ELFLUX,NO)
Ceases CALCULATES INITIAL INCIDENT OPROTON SPFCTRUM AS A FUNCTION OF
C INITIAL INCIDFNT ENFRATES,
C
C.....IF Nn FQ(’ALQ_

E-3080

151

FLUX ENNALS-

C 1 ARERXR(-B)
C 2 AXEXP (=P(E)/PN)Y (N{GREATFR THAN P)j,
C 3 TABLF OF FLUX VvS. E AND INTERPOLATION,
C 4 A(FIREXP(~BI(F))
c 5 10 O¥¥ (A1 HA2RTHLAIRF R R2LALRE X%,
C 6 10 0%% (AT +A2¥LOG(E )V +A3* (LOG(F) ) ®¥24+A4 ¥ (LOG(F) Y ¥%3),
C 7 ~A/POREXP(~C1*¥P(F)/POIR®PI(F)/P(F)
C WHERE F 1S THE GIVEN INCIDFENT FNERGY,
d
COMMON D2X{20) s MAX s FO(300420)
COMMON  EI(300) s DEI(300) s FIBAR(30N)
COMMON 0P (300) s OPPRM (300} s NOD2X(2M)
COMMON X t20) s NOX s ENTOTS(2N0)
COMMON  DX(20) s PROPNO(20) » C1
COMMON  PDSBND s NDSBND s BNDLOW
COMMON FNRG(100) s RNG(100)
COMMON EBOMBP (25s4) 4 FBOMBN(25+4) 5 CPSP(25,4)
COMMON  CPSN(25+4) s CNSP(25,4) s CNSN(25,4)
COMMON ENSP(25+4) s ENSN(2544) s EBOMP{25,44)

i COMMBN EBOMN{(25,4) s EPROP(25,4) s EPRON(2544)
COMMON FENFUP(25+4) s FNFUN(25,4) s FNRGP (25)
COMMON  ENRGN (789 s XSMBP(25) s XSMBN(75)
COMMDN  SNRG(100) s RBFENRG(20) s CINRG(40)
COMMON  C2NRG(4N) s CNRGT(2) sy SOFF(1nM)
COMMON RBE(20) s CONK1{40) s CONK2(40)
COMMON CONK(2) sy LENGTH(8) s GMWT
COMMON LSOFE s LRBE y LK1
COMMON  LK?2 s LK s» NOFCOM
COMMON MOVE KOSW( 36} s KONSWT
DIMENSIDN FFFF(IOO)9DRﬂTS(100)9A(4)99(4

IF (MOVELFQ«2) GO TO (10+20330,4045046N,7N)4NDO

EE=F
MOVE # 2
GO TO (192+3+44596,7) N0

1 READ (55100}
100 FORMAT(4F12,5)
WRITF

Al1)+B(1)

165102) A(1)4R(1)

102 FORMAT{1HO8Xs22H0 = AE*¥(-By WITH A =1PF13,5,84 AND B =F13,5/1H+

A8X s 1HI)
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10 PHT = A(1)XFE*®(-B(1))
1000 FLUX=PHI
2non RETURN
2 READ (55100) A(11,sPD
WRITE (6,2n2) A(1),PO
202 FORMAT(1HOARX s44HO(ARFATER THAN P) = AXFXP(-P(F)/P0O) WITH A =1PF13,
A55s9H AND PO =E13,5/1H+BX41HI)
20 P = 93B,26%SQRT((EF/938B,26+1,Nn)*¥%2~1,n)
PHI = A(1)*FXP(~-P/P0)
GO 70 100
3 WRITE (64302)
302 FORMAT(1HO8X43H0 CALCULATED FROM TABLF OF FLUX VSe. ENFRGY./1H+8X,
AlHI)
RFEAD (59303) NOFNTS,(FFFF(T)4PROTS(T)41=1,NOFNTS)
303 FORMATIIG/(FReN,E10a34F8eNyEINe343FBeNyF10e3,FBsNyE1NG3))
DO 306 1=1,NOENTS
EEEF(T1)=ALOGIO(FEEE(T))
306 PROTS(1}=ALOG10{PROTS(1))
30 EE=ALOGIO(EE)
CALL LAGRNG(EE,PHI,EEEEPROTS,NOENTS,2)
PHI=10,%*%PHT
GO TN 100
4 READ (59100) A,B
WRITE (64402) (IsA(T)sI=144)911,B(I),1=1,4)
402 FORMAT(1HOBXs»91HO = A(E)®E*®(-B(E)) WITH A(E) AND B(F) OF THE FORM
1 C{E) = C1l + C2%E + C3*E*%2 4+ C4*E%%3 AND/1H4+8Xs1HI/9Xs4(4Xs1HATL,
2 2H = 1PE13,591Hs)s4H AND/9Xs4(4Xs1HBI1s 2H = 1PE13.591Hy))
40 SUMB = B(4)
DO 42 1=1,3
11 = 4-1
42 SUMB = SUMRXFE+B(IT)
50 PHI = Al(4)
DO 46 1=1,3
1T = 4-1
46 PHI = PHIXEE+A(I])
IF (N0 - 8) 48,5060,5060
48 PHI=PHI¥EXP(-SUMB)
GO TO 100
5060 PHI=10,%##PHT
GO TO 100
5 READ (5+100) A
WRITE (6,502) (15A(1),1=1,44)
502 FORMAT(1HO8Xs42HLOG O = Al + A2¥*E + A3RERR2 4+ ALRER%3 WITH/1H+12X,
ATHI/13Xs4(4Xs1HAT1,2H =1PFE13,5,1H,))
GO TN 50
6 READ (55100) A
WRITE (645602) (TsA(T1)e1=],44)
602 FORMAT(1HOBX,61HLOG 0 = A1 + A2¥LOG(F) + A% (LNOGIF))I*%2 + A4*(LOG(
1E})%%3 WITH/1H412X,1HT/13Xs4(4X,1HATL1 42H =1PE13,5,1H,))
6n EE = ALOG10(EE)
G0 TO 50
7 READ (5+100) A(1),P0
WRITE (65702) A(1),PO
702 FORMAT(1HORXs53HO(-NN/DFY) = A/PO¥FXP(~C1#P (F)/PM)®P1(F)/P(F) WITH
1A =1PF13,5,9H AND PO =F13,5/1H+8X,1HI)
70 Pl = FF/938,26 + 1,
P = SQRT(P1#P1-1,0)

PHI = A(1)/PO%FXP(-93R,26%P/P0)*P1/P
GO 70 100
END.

SIBFTC INVALU LIST4NECK
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SUBRNUTINF INVALU

C INITIAL DATA CALCULATIONS
C MOVE = 1, INTEGRAL SPECTRUM
C MOVE = 2, DIFFERENTIAL SPECTRUM
COMMON  D2X(20) s MAX s FOU300,20)
COMMON  ET1(300) s DET(300) s FIBAR(3NO)
COMMON 0P (300) s OPPRM (300} s NOD2x(20)
COMMON  x1(20) s NOX s FNTOTS(200)
COMMON  DX(20) s PROPNO(20) s C1
COMMON PDSBND s NDSBND s BNDLOW
COMMON ENRG(100}) s RNG(100)
COMMON EBOMBP(25s4) » EBOMBMN(25+4) s CPSP(25y4)
COMMON  CPSN(2544) s CNSP(25,4) s CNSN(2544)
COMMON  ENSP(2544) y ENSN(25,44) s EBOMP (25,4)
COMMON  FEBOMN(25,44) s FPROP (25,4} s FPRON(25,44)
COMMON  FNFUP(2544) s ENFUN(25,4) s FNRGP(25)
COMMON  FNRGN(75) s XSMBP(25) s XSMBN(75)
COMMON  SNRG(100) s RBFNRG(2M) s CINRG(4D)
COMMON  C2NRG(40) s CNRGI(2)} s SOFE(100)
COMMON RBE(20) s CONK1(40) s CONK2(40)
COMMON  CONK(2) s LENGTH(8) s GMWT
COMMON L SOFE s LRBE sy LK1
* COMMON  LK2 s LXK s NOFCOM
COMMON MOVIE s+ KDSW(358) s KONSWT
EQUIVALENCE (KOSW( 3),KOSW3 ), (KOSW(13)sKOSW13),(KOSW(15),KOSW15),
A (KOSW{19),KOSW19)

DIMENSION NOINTS(2)sFOMAX(2542) sNOINCR(2542)4KNTR(2)4FESPEC(20092)
ADELTE(2542) o KDUNT(20) s TITLE(113,DIST(300)
EQUIVALENCE (EIBAR(1)sDISTI1))
INTEGER PROPNO,FQNO
DX{1)=%X(1)
D2X(1)=DX(1)/FLOAT(NON2X (1))
IF(NDX=1) 54945
S DO 7 J=2,N0X
C s00 e QDX“LARGE DELTA X
CoeeveeX(J)- PRINT BOUNDARY MEASURED NORMAL TO INCIDENT FACE
DX{JY=x(Jy=X(J=1)
CoooaeoD2X(J)Y=SMALL DFLTA X
CoeoeeoNOD2X(JY-NUMBER OF SMALL DELTA x IN LARGE DELTA X
7 D2X(N)=DX(J)/FLOATINDON2X(JY)
9 NOXP1=NOx+1
GO TO (250,260),K0OSW19
260 READ (59262) KET9(FT1(J)sJ=14KFT1)
262 FORMAT(I3/(8F9,0))
GO TO 45
250 KLIM=]
21 READ (5922) NOINTS(KLIM)
22 FORMAT (13)
INTNO=NOINTS(KLIM)
READ (5924) (EOMAX(LsKLIMYsNOINCRILsKLIM), L =1,INTNDY
24 FORMAT (FBeO9l4yFB8e09149FB8s09149FB8e0314sFB,05143FB8s0,414)
IF (KLIM ,EQ, 2) GO TN 228
220 GO TO (22%,222),K0SW1S
222 XLIM=?
G0 TN 21
225 READ (5+9999) NDF
9999 FNARMAT(13)
FNDF=NDE
228 DD 2011 L=1sKLIM
ELOWER=0,
KONTUR =1

noln
0onz2o0
0030
0040

016n
0170
Nn18n
n1on

0200

0210
n22n
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‘ESPEC({1sLY=N,0
INTNO=NOINTS (L)Y
DO 201 J=1,INTNN
Coeoeoe e DELTF(JsL)-SMALL DFLTA F AT FYIT FACF
DELTE(JsLI=(EDMAX(J4L)-ELOWFR) /FLOAT(NOINCR(J,L))
ELOWER=EOMAX (J,4L)
LIMIT=NOINCR(J,L)
DO 1202 I1=1,LIMIT
KONTUR=KONTUR+]
1202 ESPEC(KONTUR,L)=ESPFCIKONTUR=1,L)+DFLTF(J,L}
201 FSPEFC(KONTUR,L)I=FOMAX (J,L)}
2011 KNTR(L)=KONTUR
KLIM=1
DO 10 J=1,N0X
I=NOxP1-J
IF (J « NE. 1) GO TO 12
15 READ (5916) FIMAX
16 FORMAT (F12,.5)
EI(1)=FIMAX
DO 400 T1=1,NDX
IF(II .EQe 1) GN TN 403
402 IF (PROPNO(II) LEQ. PROPNDO(II-1)) GO TN 404
403 CALL PROPTY(2,11)
CALL RANGE (FIMAXsR,2}
404 R=R-DX(11)
400 CALL RANGE (R,FIMAX,3)
FEO(Ys1)=FIMAX
GO TO 20
12 IF (PROPNO(1) .NFe PROPND(I+1)) CALL PROPTY (2,1)
ED(1,19=FI(KFI)
DO 407 N=2,KF1
IF(PROPND(1) oNE., PROPNO(I+1)) CALL RANGE (FI(N),DIST(N)},2)
DISTI(N)Y=DISTINI+DX(T)
407 CALL RANGF(DIST(N),FI(N),3}
GO TO (230,20),K0SW1S
CoeseeesDED-SMALL NFLTA £ AT INTFRNAL PRINT ROUNNS
230 DED = FO(1,1)/FNDE
DD 9997 LL=1,NDF
9997 EQ(LL+1s1)=FED(LLsI)~DEN
KOUNT( 1)Y= NDF+1
KM1 = NDE
GO TN 30
20 KONTUR=KNTR (KL IM)
DO 202 L=1,KONTIIR
IF(EO(1s1) JLE, ESPEC(LsKLIMY®]1,0001) GO TOD 204
202 CANTINUE
204 KOUNTI(I)=L
KM1=KDOUNT(1)~-1
DO 208 JJ=1,KkM1
IND=KOQUNT (1))=Y
208 EO(JJ+191)=FSPFCIINN,KLIM)
IF (J ¢ NE, 1) "0 TN 130
KEI=1
KLIM=2
30 IF (KM1 LLEe. 1 ) GO TO 234
CeoeoeeCALCULATE INCIDENT ENERGIES FROM ASSUMED EXIT ENERGIES
DD 29 N=2,xM1
KEI=KFT1+1
CALL RANGF (FO(NsI)oeR42)
DIST(KEI)=R+DX (1)
29 CALL RANGFEI(DIST(KET}SFI(KF1),3)

0670

071n
07260
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234 KEI=KET1+1

DIST(KFIY=DX(1)
10 CALL RANGE(DIST(KETI)SFI(KFT),3)
GO TO (35,37)4,K0ISW1S
25 DEO=FI(KFI1)/FENNF
DO 36 LL=1,NDF
KET=KF1+1
36 FI(KEIY=ET(KFI-1)~-DFD
E1(KETY=0,0
GO TO 45
37 KONTUR=KNTR(KL IM)
DO 38 L=1,KONTUR
IF{FI(KETY LLF, FSPEC(L,XLIM)*1,0001) "0 TN 39
38 CONTINUE
39 LL=L
KMl=LL-1
DO 40 L=1,KM]
KET=KET+1
IND=LL-L
40 FI(KET)Y=FSPFC{IND,KLIM)
4% DO 500 L=1,KF1T
IF (FI(L) ,LF. RANDLDWY GO TN 5n2

500 CONTINUE
GO TO %03

502 KEI=L

ET(KET)=BNDLOW
503 READ (S5+41) MOVF,EQND,TITLE
41 FORMAT(2713,11A6)
MAX=KE1-1
55 GO TO (62464)yMNOVE
62 CALL FLUXEQ (ET(1),0P(1),FQND)
64 DO 65 J=2,KF1}
DEI(J=-1) = FI1{JU-1)=F1 ()
CoeoeeeFIBARIJI=-AVFRAGF ENFRaY
EIBAR (J=1) = (FTI(J=-1)4F1(J))1/2,0
GO TO (142,145%) MOVF
142 CALL FLUXFQ (ET1(J)+0P(J)»FQND)
Coese s OPPRM{J)-INTEGRAL SPFECTRUM
OPPRM(J=-1) = OP(J)~-0OP(J~-1)
GD TN &5
145 CALL FLUXFQ (EIBAR(J=1),0P(J=1),FQND)
OPPRM(J~1)=0P(JU=1)%¥DFT (J-1)
65 CONTINUE
GO TN (80,90),KNSW3
9n WRITF (6492) TITLE
92 FORMAT(1HLARX,11A6)
L =1
GO TO (4144,430),X0SW19
414 DO 151 J=1,NOX
1 = NOxP1-~y
LIMIT = KOUNT(T1y-1
DD 42% M=1,LIMIT
TF (MON({L+55) (NFe 1) 0 TO (4204422 4MOVF

410 GD TD (412,415) 4MOVF

412 WRITE (64,412)

413 FORMAT(1H117X+s8HENERGY sF8Xs17THN(GREATFR THAN F)IB8X,7THDFLTA Fl4X,6HF
1 AVGe9X9215H(DN/DE)*DELTA E/21X93HMEVIOXs13HPROTONS/CMEX214X ¢ 3HMEV]
2TX9s3HMEVIOX 9 13HPROTONS /CM¥%%2 )

IF(KOSW13 ,FQ, 1)WRITE(6,13413)
13413 FORMAT(1H+,2(486Xs4H=SFC1INXY)
GO TN 420
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415
416

16416
422

420
421
423
425
151
427
430

432
423

436
441

439
155
435
443
444

446
80

71

"WRITE (64416)

FORMAT(1H117X»8HENERGY 4E13X s 7THDFLTA F14X,6HF AVGe10X,13HDN/DE(E AV
1G.16Xs15HIDN/DF I *DFLTA F/12X,3(9Xs3HMEVEX) 31 7THPROTONS /CM®%2-MFEVY5X,
213HPROTONS /CM%%2)

IF (KNSW13 ,FQ. 1) WRITF(6,16418)

FORMAT (1H4RAX 9 4H-SFCI4X »4H~SFC)

WRITF (65421) LsFI(L)oDFI(L)Y,FIRAR(LY),0P(L),O0PPRM(L}

GO TN 423

WRITE (6+621) LoEI(L)4OP(L)sDET(L)HEIBAR(L) ,OPPRM(L)

FORMAT(1553Xs1P5F20,5)

IF(L .RE. MAX) GO TO 443

L = L+

WRITF (6,427)

FORMAT(IH 1y

DO 435 M={ (MAX

IF (MOD(M,55) NFe 1) a0 TO (439,441 ,MOVF

GO T0 (433,436) 4MOVE

WRITE (6,413)

IF(KOSW13 ,FQ, 1) WRITF(6,13413)

GO TN 439

WRITE (64418)

IF (XOSW13 .FQ, 1) WRITFE(6,16416)

WRITE (65155) MyEI(M),DET(M),FIBAR(M) 0P (M) ,0PPRM (M)

GO TO 4358

WRITE (6+155) MGEI{M) 40P (M)sDFI({M)4FTRAR (M) ,DPPRM(M)

FORMAT(I5,3X,1P5F20,5)

CONTINUE

GO TO (444,446) 4MOVE

WRITE (6,155) KFISFI(KFT),0P(KF1})

GO Th 80

WRITE (649155) KFI1sFI(KFT)

RETURN

END
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APPENDIX B

SIBFTC TAPFIX
DIMENSTION FNFRAY(1NN) 4RANGF(100)4,FNRAPR{1NN,5),FPRPR(10M 45y,
FPRNU(C10M4S) 3FNRANIS (1NN ,5) 4 FNUPR{1AN3S) gFNUNU(IINA S5 )
FNFROR (1NN 35) s YPRCP(100,45) 4 YPRCON(INNGB) 4YPREN{1INNL5),
FNFRNUCLINN G s YNUCP (10045) 4YNHCN(INO¢B) 4 YNIIFN(1NO45),
FROAMD (100 ) 4 XSPP(1NN) 4 ERAMN (1NN ) ¢ X SNII{ 10N
DIMFNSION TABLF(100+6)3LFNGTH(4)4RRENRG(1NN),RRF(100)4KINRG(100),
KI(10N) s X2NRGIINN) 4K2{100) 4KNRG(INN)ZKKI1AN)FXFNRG(100)
oNEDX(10M)
EQUIVALENCE (TABLE(191)9sKINRG(1)) s (TARLE(12)sK1(1))s(TABLF(143),
AK2NRG(1) ) o {TABLF(194)9sK2(1)) s {TABLE(145)9KNRG(1)) s (TARLF(14+6)sKK(1
RY)
FQUIVALENCFE (LFNGTHI1)sL8) 3 (LFNATHI2) 3L 9) 3 (LFNATH(3) 4L1N) o (LFNATH
Al4),L11)
REAL KI1NRG4K13K2NRGA K2 4KNRG KK
REWIND 3
READ (5s4) NNOMAT1 sNAMAT?2
4 FORMAT(214)
WRITE (3) NNMAT)]
DA 2  N=1,NAMAT)
READ (5+68) MATNNGNIFCNMGMUT (11 4L 2L 3,L44LS4L6,L7
6 FORMAT (2714, F1l2,64714)
Coeoee QRANC’F—F—NFPGV.
READ (548) (FNFRGY (J) 4RANGF (J)4J=1,L1)
8 FORMAT(8F9,13)
Ceeese ENERAY OF CASCANDE PARTICLFS.
C As) PRNTANS BOMBARDING,
DN 13 K=14NNFCNM
13 READ (B914) (FNRGPR(JsK)sFPRPR{J9sK)sFEPRNU(JI9eK)sJI=1sL2)
14 FORMAT(9FR,,2)
Be) NFUTRONS BNMBARDINAG,
DN 15 K=14NAFCNM
15 READ (5914) (FNRGNU({JsK)sFNUPRIJsK) s FNUNU(JsK) s J=1sL13)
CooeseEMITTFD YIFLDS,
C Ae) PROTNNS BOMBARDING,
DN 9 K=1,MNFCNM
9 READ (53910) (FNFRPR{J4K)4YPRCP({J4K) 3 YPRCN(J4K) 3 YPREN(JZK)3J=1,4L4)
1n EORMAT(8F9,N)
c Be) NFHITRONS BAMBARDINC,
DO 11 K=14NNFCAM
11 READ (5910) (ENFRNU(JsK) 3 YNUCP({J9sK) 9 YNUCNI{JsK )3 YNUEN(Jy3K) yJ=1,L5)
CoeseseX—SFCTIONS,
d Aes) PRNTNN,
RFAD (5912) (FROMP(J)4XSPR(J)sJ=1,4L6)
12 FORMAT(1NF7,Nn)
c Re) NFHTRNN,
READ (5512) (FROMN(J)Y+XSNU(J)sJ=14L7)
2 WRITF (3) MATNN,NOFCOMaGMWT 3L 14L 250341 4sL 54L& 4L7s (ENERGY (J) 4RANGF
1(J)sJ=19L1) s ((FNRGPR(J4K) 4EPRPR(J4K) 4FORNU(JI4K) yJ=14L2)4K=1,NOFCOM
219 LIENRGNU T J4K) 4 ENUPR1JsK) 3 ENUNUI( I 3K) 3 J=14L3) 4K=1 4yNOFCOM) , { tENERPR
3(JsK) s YPRCP(J9K) s YORCN(J oK) s YDREN(J 9K} 5J=14L4),K=14NOFCOM) 4 ( (ENERN
LUCI3KY s YNUCP (J 4K ) s YNUEN T I 9K ) o YNUFN (I K ) 3 J=14L5) 3K=1,NNFCAM) 4 ( FROMP
B(J) s XSPR(J) e J=14LE) s (EROMN(JY 4XSNUJIJY) 3 =1,4L7)
RFAR (5318) LBLL9sL10,L11
RFEAN (§5920) (RRFNRA(J)4RRF(J) 4y J=1,4LRY
READ (5927 (KINRGIJ)K1(J)9J=1,L9)
READ (5920) (K2NRG(J)sK2(J)sJ=1,4L10)
RFAD (5920 (KNPG{JY o KK (JYyed=14L11)
N0 22 L=1,2
MAX= L+L
LIMIT=LENGTH(L+1)

27N D>

>

e}
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DD 22 JR1,LIMIT
22 TABLF({JsMAX)= TARLF({J,MAX)/3600,
WRITE (3) LR,LO,L1IN,L1Ts(RBENRA(J)GRRFE(J)3J=1,4,L8)4(KINRA(J)SKI(JY,
AJ=1sL9) s (K2NRG(JYoK2(J)aJ=15L10) s (KNRG{J) s KK(J)pJ=1sL11)
WRITF (3) NAMAT?
NN 116 N=1,NAMAT2
REAN (S»1R) MATNM?,11
19 FORMAT(414)
CeeseeDE/DX
READ (5920) (FXFENRE(J)4DFPX(J),J=1,112)
2N FORMAT (R T e aF T a3 0 F T aNsF 043 3F T ¢NgFG434ET7,M3FG,3)
116 WRITF (3) MATNM2sL12, (EXENRAIJSY $DFNXIJ) 9 =1,4L12)
END FILE 3
REWIND 3
csTnNe
END
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APPENDIX C
PROGRAM RUNNING TIME
An order of magnitude estimate of the running time of the program may
be obtained as follows. Count the number of 8&x's, 8E's, number of angles
used in calculating evaporation neutrons, and the number of print bounds,
then compute the following,
P

Running time in minutes = 0.5 + 6.2x10° E Nb(SE)Nb(Bx)Nb(LS)
1

P
+ 0.08 :EE: NP(PB)
=1

p=1

P = the number of problems stacked in the data deck

Nb(&E) = number of proton &E's in problem p (This has to be estimated
on the basis of previous runs.)

Np(8x) = number of proton &x's in problem p

Np(LS) = number of angles in problem p

Np(PB) = number of print bounds in problem p

This estimate does not reflect the time required to print spectra at each
print bound. Also this estimate is based on calculating all generations of
secondaries and the use of 69 energy groups for the cascade neutrons. If
these conditions are changed new coefficients for 6.2X10"° and 0.08 can
be calculated by running a few cases.

Comparison of Running Time for Sample Problem

p=1

Np(8E) = 140
Np(dx) = 40
Nb(LS) =5

,UZ
—~
&
Soo®

]
W
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Running time in minutes (from formula) = 2.5 min.

Actual time was = 2.3 min.
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